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6Chapter 1
Introduction
1.1 Galaxy formation and evolution
Galaxies, systems containing stars and interstellar medium (ISM), are the building
block of the Universe. They are not only the cradles for the formation of stars and
metals relating to stellar astronomy, but also serve as beacons that allow us to probe
the geometry of space-time relating to cosmology. Galaxy formation and evolution is a
hot topic1, benefiting from two kinds of efforts. The first is the numerous observational
efforts. Increasing high quality data show galaxy properties of galaxy populations and
an individual galaxy (e.g. see reviews in Ellis 2008; Blanton & Moustakas 2009; Shapley
2011). Those data include: 1) the statistical galactic properties, such as luminosity
function and mass function, 2) the relationship of observational properties of a galaxy
population, such as the Tully-Fisher relation of spiral galaxies and the fundamental plane
of elliptical galaxies, 3) the relationship of observational properties of a galaxy and an
object in the galaxy, such as the relationship between the mass of the super-massive
black hole and the velocity dispersion of the galaxy (M-σ relationship), 4) the detailed
intrinsic properties of a galaxy, such as the observational properties (structure, spectral
energy distribution, metallicity and abundances et al.), and estimated/fitting properties
of the galaxy (mass, age, star formation history (SFH) and initial mass function (IMF)
et al.). The second is the theoretical/modelling/technical efforts. With the supports of
super computers, it is possible to model the galaxy properties with the results of stellar
and fundamental physics, such as the stellar yields, stellar spectra and radiative transfer,
in a successful cosmology framework, such as the standard LCDM, using the updated
modeling technics/methods, such as the parallel computing, artificial neural network and
semi-analytic models et al.
The clear and almost unique evidences2 of the cosmology theory LCDM are from
the measurements of quantities of scales larger than galaxies, such as the cosmic mi-
crowave background (CMB) (e.g. Komatsu et al. 2011), the baryon acoustic oscillation-
s (BAO) (e.g. Beutler et al. 2011), and scales smaller than galaxies, such as SNe Ia
(e.g. Amanullah et al. 2010). Although there are some challenges and arguments (e.g.
Perivolaropoulos 2008; Kroupa et al. 2010; Nieuwenhuizen et al. 2011), the successes of
cosmology theory LCDM (see reviews in Peebles & Ratra 2003; Perivolaropoulos 2010)
1For more detailed and complicated view of galaxy formation and evolution, I refer readers
to a review(Ratra & Vogeley 2008) and books (Spinrad 2005; Longair 2008; Mo et al. 2010)
2For galaxy rotational curve, see e.g. modified newtonian dynamics (e.g. Milgrom 2008). The
constraints from other data ( such as the Hubble parameter, galaxy cluster gas mass fraction,
gamma-ray burst luminosity distance, strong gravitational lensing, large-scale structure, and
angular size et al.) are less restrictive than those derived from the SNeIa, CMB and BAO data.
7make the studies of galaxy formation and evolution in a cosmology framework reliable
and necessary. Hierarchical galaxy formation and evolution scenario is the direct conse-
quence of dark matter merger tree, if the evolution of baryonic matter follows the dark
matter evolution. Although many efforts (e.g. see feedback and modified star formation
law in Silk 2011; Wang et al. 2011, respectively) have been made in the researches of
galaxy formation and evolution in the LCDM framework by cosmology simulations (e.g.
see a review in Dolag et al. 2008) or semi-analytical approaches (e.g. see a review in
Baugh 2006), models still cannot fully reproduce the statistical properties of galaxies,
such as the luminosity function and mass function (especially for the low/high end of
the function, e.g. see resent results in Guo et al. 2011). There are other critical proper-
ties of a galaxy population (e.g. see reviews in Ellis 2008; Blanton & Moustakas 2009;
Shapley 2011), such as the mass-metallicity relation (e.g Tremonti et al. 2004) and so-
called downsizing (e.g. Cowie et al. 1996; Thomas et al. 2005) for the elliptical galaxies,
which are needed to be reproduced for any successful galaxy formation and evolution
theory/model (e.g. see a review in Peebles & Nusser 2010, for nearby galaxies). Some
properties of galaxies related to this thesis will be briefly described in the following and
investigated in following Chapters in detail.
1.1.1 The morphological classification
Although galaxies are very complex systems and their shapes and physical features
are in general heterogeneous, several morphological classifications have been attempted,
in general successful in providing very definite sketches of the main differences among
the various types. Fig. 1.1 shows the most popular classification scheme, introduced by
Hubble (1936). Three broad classes are shown in this scheme: ellipticals, spirals and
irregulars. Although such classification has been created a relatively long time ago, it is
still widely used in all astronomical studies. To explain this scheme is the fundamental
aim of any theory of galaxy formation. Beside being defined by the shapes of galaxies,
the Hubble sequence is almost to be read also as a sequence of stellar populations: the
earliest types (E0 → E7) are characterized by very old, red stellar populations. The
increasing prevalence of blue, young stars reaches its maximum at the opposite end of
the fork, where late-type spirals and irregulars lie. However, nearly all galaxies have
some very old stars, and the different proportions of red and blue stars arise from the
different star formation histories.
1.1.2 Elliptical galaxies
Elliptical galaxies, named by their morphology (E0→ E7, following Hubble 1936),
are old, red, with no or very low star-forming activities, almost gas and dust free, massive3
galaxies in the local Universe (see a review in Renzini 2006). Those galaxies populate
a very tight plane (fundamental plane) defined by the effective radius Reff , the mean
surface brightness within Reff and the central velocity dispersion σ. The local elliptical
galaxies hold ∼ 22% of all stellar mass and the number fraction of them in all local
3The bulges of spiral and S0 galaxies, dwarf ellipticals and dwarf spheroidals are not discussed
in this thesis. The properties related to dynamic features are not discussed neither.
8Fig. 1.1 The Hubble Classification scheme for galaxies, often referred to as the ”tuning
fork” diagram. From http://astronomy.swin.edu.au/cosmos/H/Hubble+Classification.
galaxies is ∼ 10%. How elliptical galaxies formed is one of the most-debated issues in
modern astrophysics (e.g. see reviews in Peebles 2002; de Freitas Pacheco et al. 2003;
Chiosi 2007, and references therein)
In particular, the first proposed scenario of elliptical formation is the so-called
monolithic scenario (e.g. Larson 1974; Arimoto & Yoshii 1987; Matteucci & Tornambe
1987), which predicts that elliptical galaxies are formed at high redshift as a result of a
rapid collapse of a gas cloud, characterized by a short and intense starburst, followed by
a galactic wind at very early epochs (e.g. Chiosi & Carraro 2002; Pipino & Matteucci
2004). On the other hand, the hierarchical scenario motivated by the successful cold
dark matter theory (e.g. Toomre 1977; White & Rees 1978; Kauffmann & White 1993)
predicts that elliptical galaxies are formed in violent galaxy mergers that often include
gas dissipations (wet merger) or selected mergers without dissipations (dry merger), and
have extended star formation (e.g. Joseph & Wright 1985; Kauffmann & Charlot 1998;
Schweizer et al. 1990; Steinmetz & Navarro 2002; Kormendy et al. 2009).
An important observational constraint related to the chemical properties of ellip-
tical galaxies is the increase of the [Mg/Fe] ratio with galactic mass (e.g. Thomas et al.
2005). Moreover, the abundance ratios [α/Fe] (mainly [Si/Fe] and [Mg/Fe]) increase with
the metallicity (usually use [Fe/H] as the metallicity proxy4). The higher [α/Fe] not only
implies that the star formation is more intense as higher metallicity suggests, but also
the star formation lasts for a shorter period at the beginning of the galaxy formation,
if nothing is modified in stellar systems (such as the IMF, binary star fraction and the
yields), in the element evolution in the ISM (such as the differential dust depletion in
ISM) or in the differential environment (such as differential elements infall and outflow).
With this star-formation history, as suggested by the time-delay model (e.g. Matteucci
2001), α elements can be produced by massive short-lived stars, while the iron has not
been produced by its main producer long-lived SNe Ia. Recent hierarchical models for the
formation of ellipticals are taking into account the downsizing in star formation (e.g. De
4see more discussions in Chapter 2
9Lucia et al. 2006; Pipino & Matteucci 2008; Colavitti et al. 2009), but they still cannot
explain the increase of [Mg/Fe] ratio with galactic mass. A galactic chemical evolution
treatment in a cosmological semi-analytic model (Arrigoni et al. 2010) could simultane-
ously match the observational data, but with both a very mild top heavy IMF and a
lower fraction of binaries that explode as SNe Ia. The higher [Mg/Fe] ratio can be nicely
reproduced by setting a shorter star formation period for a more massive system in the
monolithic scenario (e.g. see models in Matteucci 1994; Pipino & Matteucci 2004). Fur-
thermore, chemical evolution models of elliptical galaxies in the monolithic scenario can
successfully explain the local well-known observational properties: the color-magnitude
diagram, the abundance gradients and the mass-metallicity relation (e.g. see Pipino &
Matteucci 2004).
In this thesis, we will only test the monolithic scenario using chemical and spectro-
photometric properties. We will not study properties related to dynamics, such as the
fundamental plane, and the statistical properties, such as the morphology-density rela-
tion in clusters.
1.1.3 High redshift galaxies
Since galaxies at higher redshifts are younger, a comparison of the (statistical)
properties of galaxies at different redshifts provides a direct window on their formation
and evolution. For example, if the monolithic scenario is right, we must observe some
young galaxies at high redshifts, which have intense star-formation activities, as the
progenitors of local elliptical galaxies. The star formation rates (SFR) in those galaxies
should be very high. With this high SFR, galaxies can assemble their mass in a short
time. Observing the high redshift objects is not easy, since high redshift means large
luminosity distance, therefore low flux, if we assume those objects have similar intrin-
sic properties (such as luminosity) as their counterparts in local Universe. After the
early but unsuccessful efforts on searching high redshift starburst galaxies based on the
predications of Lyα emission line by Partridge & Peebles (1967a,b) (e.g. see a histor-
ical review in Giavalisco 2002; Appenzeller 2009), many high redshift galaxies/objects,
such as Lyman break galaxy (LBG), Lyman Alpha Emitter (LAE), Quasi-Stellar Ob-
ject (QSO) and Long Gamma-Ray Bursts (LGRB) hosts, are found based on new and
updating searching techniques: photometric technique, spectroscopic methods, emission
lines identifications (e.g see reviews in Appenzeller 2009; Shapley 2011).
Most observed high redshift galaxies are starbursts. The fact that starbursts are
typically confined to a small region of the starbursting galaxy, combined with their high
star-formation rate, requires a large amount of could gas to be accumulated in a small
region in a short time. This is exactly what the monolithic scenario assumed, although
the monolithic scenario still cannot give a physical mechanism for this. The LBGs, QSO
ad LGRB hosts are the galaxies that we will study in this thesis by the galactic chemical
evolution models and galactic spectro-photometric models.
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1.2 Galaxy modeling tools
There are many galaxy modeling tools aimed to reproduce the observational
galaxy properties. The N-body/smoothed particle hydrodynamic simulations focus on
the dynamical and statistical properties of galaxies. The galactic spectro-photometric
models focus on the radiative properties of galaxies. The galactic chemical evolution
model focus on the chemical properties of galaxies. There are many efforts on combining
models to make a more physical galaxy model. The semi-analytic models combine the
merge tree extracted from N-body simulations or analytic methods with “known” ana-
lytic physical process (e.g. see a review in Baugh 2006). Some models combine hydrody-
namic simulations/semi-analytic models with radiative transfer models (e.g. Narayanan
et al. 2010; Jonsson et al. 2010; Fontanot & Somerville 2011), or with galactic chem-
ical evolution models (e.g. Calura & Menci 2009; Sakstein et al. 2011). Some models
combine galactic chemical evolution models with radiative transfer models (e.g. Schurer
et al. 2009). Until now, no galactic model could reproduce all observational data of
galaxies. Here I will briefly describe the galactic chemical evolution model and galactic
spectro-photometric model, which will be used in this thesis. More detail can be found
in Chapter 2 and Chapter 3.
1.2.1 Galactic chemical evolution model
A remarkable acceleration in the flow of low and high redshift element abundances
data is undergoing (e.g. see reviews in Pettini 1999, 2004, 2006). Using the chemical
information as one of the means at our disposal to link the properties of high redshift
galaxies with those we see around us today, we can understand the galaxy formation
and evolution. Chemical elements heavier than C, produced by stellar nucleosynthesis
processes, is one of the consequences of stellar evolution. Abundance measuring how
much of the element is present in a given environment by comparison to all other ele-
ments (mainly to H), both in stellar photosphere and in ISM, is one of the most direct
measurable parameter in Astronomy. Therefore, abundances and abundance ratios make
a strict constraint on stellar evolution model, but also on galaxy formation and evolution
model. With the results of stellar evolution, such as the yields and stellar life, and other
fundamental issues, such as IMF, the galactic chemical evolution model could investigate
the star formation history of a galaxy by comparing the model predicated abundances
with the observational data. Furthermore, the overall picture of element abundances in
the Universe reflects the global star formation activity in the Universe. With a galaxy
distribution through the cosmic time, galactic chemical evolution model could illustrate
the chemical enrichment of the Universe.
Some elements (like C, Fe, Mg and Si) deplete into dust. A large amount of dust
are observed at high redshift. Therefore, dust should be one of the basic ingredients of
successful galactic chemical evolution models, because not only we need to reproduce
the dust data, but also we only measure the gas phase abundances.
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1.2.2 Galactic spectro-photometric model
Spectral energy distributions (SEDs) is a plot of brightness or flux density versus
frequency or wavelength of light. The galactic SED constructed from the photometric
data of wide wavelength coverage have been used to constrain galaxy parameters, such as
stellar masses, SFRs, and stellar population ages, of galaxies via comparison with simple
stellar population synthesis models (e.g. Papovich et al. 2001; Shapley et al. 2005; Yan
et al. 2006; Magdis et al. 2010a, for LBGs). Beside the stellar population, ISM also press
their features on SED by the emission and extinction. By reproducing the pan-galactic
spectro-photometric data, models could also be used to explore the stellar populations,
the atomic and molecular gas contents, physical parameters of their ISM such as the
pressure or mean density, and the nature of the interstellar dust, both its composition
and distribution (e.g. Fan 2011).
Measurements of the cosmic background radiation allow us to infer that about
half the energy ever generated by stars was reprocessed by dust into the IR (see Hauser
& Dwek 2001, for a review). This emission is increasingly important at higher redshifts
where the star formation density of the Universe is larger than today. Therefore any
successful galactic spectro-photometric model should include the dust or at least take
into account the dust effects, like the extinction.
1.3 Dust
Besides the role in galaxy modeling as mentioned above, dust itself is also a hot
topic. Here I briefly describe the topics of dust related to this thesis. For more detailed
view of dust, I refer to reviews (Calzetti 2001; Draine 2003, 2009, 2011a; Dwek 2005;
Williams 2005; Tielens 2008; Compie´gne 2010), books (Whittet 2003; Kruegel 2003;
Tielens 2005; Draine 2011b) and references therein.
Dust play a unique and increasing important role in Astrophysics. The history
of interstellar dust-related studies can be dated back to the late 18th when Herschel
(Herschel 1785) remarked on the absence of stars in certain portions of the Milky Way
as “an opening in the Heavens”. The first direct evidence of the presence of dust in the
interstellar space was provide by Trumpler in 1930 (Trumpler 1930). By comparing the
photometric distance and the geometrical distance of 100 open clusters, he found that the
photometric distance are systematically lager than the geometrical distance, indicating
that the premise of a transparent ISM was incorrect. After that, more and more evidences
(e.g. see a historical view in Li 2005a) have confirmed the presence of cosmic dust mainly
based on the information from the interaction between electromagnetic radiation and
dust: scattering, absorption, emission and polarization (e.g. see Li 2008, and references
therein).
Once the presence of dust is confirmed, some macroscopic physical properties of
dust, such as the mass and temperature, should be investigated. From the observational
point of view, those indirectly measured properties can be estimated by a fitting ap-
proach, which usually suffers a degeneracy problem, such as the degeneracy of the slope
βd and dust temperature Td in the grey body fitting method (e.g., Blain et al. 2003), and
theoretical uncertainty of the parameters in the fitting formula, such as the rest frame
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dust mass absorption coefficient κλ in dust mass estimator based on dust submillimetre
thermal emission (e.g., Hughes et al. 1997). Although the temperature of dust is not
accurately estimated, the broad band spectra and PAH emission lines features indicate
that there are at least two dust populations in interstellar space: “cold dust” and “war-
m dust” (e.g. Li 2005b). With an assuming extinction curve, total dust mass can be
derived by total extinction values (e.g., AV ) based on intrinsic properties of dust (e.g.,
Goudfrooij et al. 1994). From modeling point of view, since the lack of knowledge of
the nature of dust, those properties usually are treated separately, while there are a few
recent efforts on modeling dust properties in a self-consistent model (e.g. Grassi et al.
2010). Dust-to-gas ratio is the most interesting topic related to the dust mass. Based on
the metal and dust yields of stars and a gas evolution model, one can investigate the dust
mass by a analytical approach (e.g. Dwek et al. 2007). Furthermore, taking into account
the processes of dust evolution in ISM (e.g. accretion and destruction), the dust mass
can be studied in simulation models (see details in Chapter 2 and 4). Some questions
about macroscopic physical properties of dust related to the microscopic properties of
the dust: What is the source of those dust? How do dust evolve in ISM?
Thanks to the detailed observational and modeling efforts, more microscopic (in-
trinsic) properties of dust are investigated. The dust composition and dust size distri-
bution are the intrinsic properties that should be understood. From observational point
of view, the extinction curve, the SED and the emission and absorbtion lines of dust
can reflect the dust composition and dust size distribution. From modeling point of
view, a physical dust model, containing silicate, graphite and PAH, can fit most of the
local observational data with the dust optical properties of simple either a spherical nor
spheroidal shape grains and an assuming dust size distribution. But one should keep
in mind, the fitting approach is an ill-posed inversion problem (e.g. Zubko et al. 2004),
which means that the properties derived by the fitting approach may be not real. Be-
sides the constraints related to radiative transfer, the element abundance and abundance
ratios make independent constraints on dust. Those constraints are related to the source
of dust and dust evolution in the ISM. This means that any dust model should not con-
tain the elements that cannot be produced by star, and total element mass and relative
element mass ratios in dust should be consistent with stellar yields and grain accretion
and destruction processes in the ISM. The dust in meteorites and in ground laboratory
also make other constraints on dust models.
The physical conditions are different from regions to regions in a galaxy and
form galaxies to galaxies. Therefore, the dust-related properties should not the same
everywhere, such as reflected in extinction curves in the Milky Way, Large Magellanic
Cloud and Small Magellanic Cloud. The dust evolution as a function of redshift are
more and more interesting with increasing high redshift dusty data (e.g. see a review in
Meurer 2004) and the flourish studies on cosmology, given the important role of dust in
some physical processes, such as the gas cooling in the galaxy formation.
All dust properties mentioned above can be investigated in particular envirn-
ments/objectives by galaxy models taking into account the ingredients of dust.
13
1.4 Aims and plan of the thesis
This thesis will use the galactic chemical evolution models and spectro-photometric
models to investigate chemical properties of ISM (both gas and dust), the nature of QSO
and LGRB hosts, LBGs, and the dust and IMF effects on model predictions.
First of all, basic concepts and formulas of the galactic chemical evolution model
and the spectro-photometric model will be described in Chapter 2 and Chapter 3, re-
spectively. Young elliptical galaxies will be studied by chemical evolution models with
stellar and QSO dust production in Chapter 4. The nature of LGRB and QSO hosts
will be investigated in Chapter 5. Then, the nature of high redshift LBGs and dust
properties of a LBG population (MIPS-LBGs) derived by the work combining galactic
chemical evolution models and spectro-photometric models will be illustrated in Chap-
ter 6. The IGIMF and dust effects on abundance ratios of elliptical chemical model, for
particular LBG galaxies (MS 1512-cB 58 and 8 oclock) will be discussed in Chapter 7.
The summary and a brief review of plans for future work will be presented in Chapter
8. Throughout the thesis, we adopt a (0.7, 0.3, 0.7) cosmology.
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Chapter 2
The galactic chemical evolution model
2.1 Definitions
Before describing the chemical evolution model, we summarized here the main
definitions that adopted in the model.
The galactic chemical evolution models calculate the evolution of the abundances
of chemical elements ( H, He and C et al.) in the interstellar medium. Historically, in
theoretical work, the abundance is defined as the mass fraction of one element in the
gas. The expressions metals or heavy elements refer to all the chemical elements heavier
than 4He. The mass fractions of H, He and heavier elements (referred to as X, Y and Z
respectively, with X + Y + Z = 1) are the basic parameters in stellar structure calcula-
tions. The metallicity Z, always referred to as global metallicity, represents the sum of all
the abundances (by mass) of the heavy elements starting from 12C. Observationally, the
solar photospheric abundances usually refer to the number ratio of one element relative
to Hydrogen (e.g. Asplund et al. 2005). The meteoric abundances typically use Silicon
as the referencee element. The solar photospheric abundance of the X element (X/H),
which normally is the reference abundance, usually refers to the number ratio relative
to the Hydrogen abundance=12: (X/H) ≡ 12 + log(NX/NH). In this thesis, we always
use the bracket abundances relative to the sun, defined by:
[A] = log(A)measured − log(A)Sun (2.1)
The value of [A] does not depend on the abundance in mass or number. Observationally,
the abundance [O/H] and [Fe/H] are usually the proxy of the global metallicity (e.g. see
the example for Long Gamma-ray burst hosts in Chapter 5.), since it is almost impossible
to measure the global metallicity.
2.2 Introduction
For more detailed and complicated views of galactic chemical evolution models and
their implications, I refer to lectures (Matteucci 2002, 2007, 2008), reviews (Gibson et al.
2003; Matteucci 2004a,b; Matteucci & Chiappini 2005; Prantzos 2008, 2010; McWilliam
2010; Hensler & Recchi 2010) and books (Pagel 1997; Matteucci 2001).
There are four types of models studying the galactic chemical information: i)
analytical models, which usually only calculate the total metallicity (e.g. Tinsley 1974;
Pagel & Patchett 1975; Tinsley 1980; Dwek et al. 2007; Spitoni et al. 2010), ii) standard
chemical evolution models, which calculate the elements evolution in detail adopting an
empirical law of star formation in a self-consistent way (e.g. recent models in Yin et al.
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2009; Dwek & Cherchneff 2011; Acharyya et al. 2011; Pipino et al. 2011; Piovan et al.
2011). These models developed in different groups are based on the formula in Talbot &
Arnett (1971) with updating gas flow process (e.g. Chiosi 1980; Portinari & Chiosi 2000),
SN Ia effect on time-delay chemical enrichment (Matteucci & Greggio 1986) and dust
ingredients (Dwek 1998; Calura et al. 2008; Pipino et al. 2011), iii) hybrid models, which
adopt the star formation history from cosmology simulations (e.g. Colavitti et al. 2009)
or semi-analytic models (e.g. Calura & Menci 2009; Sakstein et al. 2011; Mattsson 2011)
and calculate the element evolution in detail as in standard chemical evolution models,
and iv) chemodynamical models, in which the star formation and chemical enrichment
are calculated at the same time and the instantaneous mixing approximation is relaxed
(e.g. Recchi et al. 2001; Gibson et al. 2007; Pipino et al. 2008; Tantalo et al. 2010;
Kobayashi & Nakasato 2011; Revaz & Jablonka 2011). The standard chemical models
are the most successful tools to study the chemical evolution of galaxies until now. The
theoretical uncertainties of standard chemical models are studied in detail for stellar
lifetime effects (Romano et al. 2005), stellar yield effects (Chiappini et al. 2003; Romano
et al. 2010), initial mass function effects (Romano et al. 2005; Ballero et al. 2006; Fan
et al. 2011), stellar energy and dark matter effects (Gibson 1994; Matteucci & Gibson
1997; Bradamante et al. 1998), differential galactic wind effects (Recchi et al. 2008),
radial flow effects (Spitoni & Matteucci 2011), different type Ia supernova progenitors
effects (Matteucci et al. 2009), population III star effects (Ballero et al. 2006; Matteucci
& Pipino 2005).
Here I will describe the pure chemical evolution models built by Prof. Matteucci
and her group. These galactic chemical evolution models calculate the metallicity and
up to 21 single chemical element abundances for different morphological type (elliptical,
spiral, and irregular) galaxies in detail. Besides the chemical properties of galaxies, those
models have been used to study the nova rate (Matteucci et al. 2003), the cosmic galaxy
luminosity density (Calura & Matteucci 2003), cosmic Type Ia supernova rates (Valiante
et al. 2009a).
2.2.1 Basic principles
A detailed galactic chemical evolution model should include the following ingre-
dients:
1. General properties of a galaxy:
(a) The initial condition: chemical composition of the initial gas (primordial or
already enriched by a pregalactic stellar generation).
(b) A close or open system: whether the mass of gas out of which stars will form
is all present initially or it will be accreted and lost later on.
(c) The final galaxy mass: this is necessary, since the empirical law of star for-
mation usually depends on the mass or mass density.
(d) Components: stars, ISM (gas and dust), dark matter.
(e) The structure of the galaxy, such as the mass profile of each component.
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2. The birthrate function of stars: the number of (single) stars formed in the time
interval dt and in the mass range dm. It is usually constructed by two independent
parts: B(m, t) = ψ(t)ξ(m)dtdm, where ξ(m) is the initial mass function (IMF)
in number and ψ(t) is the star formation rate (SFR). The star formation history
(SFH), namely the SFR as a function of time, is the main driver of the galaxy
evolution.
3. The rate of exchanging materials with external regions of the system, such as the
infall/outflow rate, if the system is open.
4. The rate of exchanging materials inside the system, such as the radial flow rate, if
detailed spatial chemical properties of the galaxy are needed to be investigated.
5. Ingredients about stellar evolution: at least two ingredients should be considered:
the stellar yields (stars are the sources of heavy elements) and the stellar lifetime
(to relax the instantaneous recycling approximation (I.R.A.) 1).
6. Energy components: this is necessary to give a self-consistent picture of exchanging
materials. Two kinds of energy are included: the thermal energy released by
stellar winds and SNe explosions and the potential energy contributed by all the
components of the galaxy.
7. Dust ingredients:
(a) Dust components: which element depletes into dust,
(b) The stellar dust yield: how much dust is produced by stars,
(c) The dust evolution (the dust growth and dust destruction) in the ISM: how
do these progresses affect the measured gas phase abundances.
2.3 The chemical evolution model for elliptical galaxies
Besides the structure, the main difference of chemical evolution models for dif-
ferent morphological type galaxies is the star formation rate. Most of the ingredients
described below are suitable for all standard chemical evolution models.
The chemical evolution model for elliptical galaxies described here is based on
the model for a closed box (Matteucci & Tornambe 1987), updated to the multi-zone
model dividing an elliptical galaxy into several non-interacting shells (Martinelli et al.
1998; Pipino & Matteucci 2004). The dust components were added into the chemical
evolution models by Calura et al. (2008); Pipino et al. (2011). The models adopt the
monolithic scenario, namely the elliptical galaxy formed through a short and intense
starburst, and passively evolved after the galactic wind time. The galactic wind blows
all the residual interstellar gas and halt the star formation.
1I.R.A. assume all the stars larger than 1 M⊙ instantaneously die.
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2.3.1 The chemical evolution code
The model adopted here is basically the multi-zone model of Pipino & Matteucci
(2004). The model galaxy is divided into spherical shells 0.1 Reff thick. Most of the
results presented below refer to global galactic properties and are calculated by consid-
ering all the shells. In practice, quantities like the total mass in stars are computed by
summing up the single shell contributions, whereas the chemical abundances are (gas)
mass-weighted averages. Except for chemical abundances in dust phase shown in Fig 4.9,
all chemical abundances shown in figures of this thesis are gas chemical abundances. The
galaxy evolves as an open box in which the initial gas mass, with primordial chemical
composition, rapidly collapses, on a time scale τ , into the potential well of a dark matter
halo.
The rapid collapse triggers an intense and rapid star formation process, which
can be considered as a starburst and lasts until a galactic wind, powered by the thermal
energy injected by stellar winds and SN (Ia, II) explosions, occurs. At that time, the gas
thermal energy equates the gas binding energy and all the residual interstellar medium
is assumed to be lost. After that time, the galaxies evolve passively.
The equation of chemical evolution for the element i in each galactic shell takes
the following form:
dGi(t)
dt
= −ψ(t)Xi(t)
+
∫ MBm
ML
ψ(t− τm)Qmi(t− τm)φ(m)dm
+A
∫ MBM
MBm
φ(m)
·
[∫ 0.5
µmin
f(µ)Qmi(t− τm2)ψ(t− τm2)dµ
]
dm
+(1−A)
∫ MBM
MBm
ψ(t− τm)Qmi(t− τm)φ(m)dm
+
∫ MU
MBM
ψ(t− τm)Qmi(t− τm)φ(m)dm
+(
dGi(t)
dt
)infall , (2.2)
where Gi(t) = Mgas(t)Xi(t) is the mass of the element i at the time t in the ISM.
The quantity Xi(t) is defined as the abundance by mass of the element i. By definition∑
iXi = 1.
The first term on the right side of Eq. 2.2 gives the rate at which the element
i is subtracted from ISM by the SF process. The variable ψ is the star formation rate
calculated according to the following law:
ψ(t) = ν ·Mgas(t) , (2.3)
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namely it is assumed to be proportional to the gas mass via a constant ν which represents
the star formation efficiency. In order to reproduce the “inverse wind model” of Matteucci
(1994), an earlier version of the now popular “downsizing”, we assume ν as an increasing
function of the galactic mass (see detail in Table 4.1 of Chapter 4), following the findings
Pipino & Matteucci (2004).
The second term is the rate at which each element is restored into the ISM by
single stars with masses in the range ML - MBm , where ML is the minimum mass
contributing, at a given time t, to chemical enrichment and MBm is the minimum binary
mass2 allowed for binary systems giving rise to SNIa (3M⊙, Greggio & Renzini, 1983).
The initial mass function (IMF)3 is φ(m) ∝ m ∗ ξ(m) = m ∗m−(1+1.35) (Salpeter 1955),
and it is normalized to unity in the mass interval 0.1−100M⊙. In particular, Qmi(t−τm),
is a matrix which calculates for any star of a given mass m the amount of the newly
processed and already present element i, which is returned to the ISM. The quantity τm
is the lifetime of a star of mass m (see Sect. 2.3.2).
The third term represents the enrichment by SN Ia for which we assume the single
degenerate scenario: a C-O white dwarf plus a red giant (Whelan & Iben 1973). We refer
to Greggio & Renzini (1983); Matteucci & Greggio (1986); Matteucci & Recchi (2001)
for further details. The formalism of SN Ia rate is:
RSNIa = A
∫ MBM
MBm
φ(MB)
∫ 0.5
µmin
f(µ)ψ(t− τM2)dµ dMB , (2.4)
where MB is the total mass of the binary system and MBM = 16M⊙ is the maximum
mass allowed for the adopted progenitor systems. τM2 is the lifetime of the secondary
star of the binary system, which regulates the explosion timescale of the system. Note
that, in this approach, only those binaries which give rise to a SN Ia event are treated
separated, whereas stars in other binary systems are treated as single stars. µ =M2/MB,
with MB = M1 +M2, is the mass fraction of the secondary, which is assumed to follow
the distribution law:
f(µ) = 2
1+γ
(1 + γ)µ
γ
. (2.5)
Finally, µmin is the minimum mass fraction contributing to the SNIa rate at the time t,
and is given by:
µmin = max
{
M2(t)
MB
,
M2 − 0.5MB
MB
}
(2.6)
and γ = 2. The predicted SNIa explosion rate is constrained to reproduce the present
day observed value (Mannucci et al. 2008), by fixing the parameter A = 0.09 in Eq.
(2.2).
2In this case, the IMF treats the binary mass as a single mass.
3The IMF used in chemical evolution models formulae is defined in mass, since these models
calculate the mass evolution of the elements. There is another IMF defined in number. See
details in Chapter 7.
19
The fourth and fifth terms represent the enrichment by single massive stars. MU
is the upper mass limit in the IMF. We assume Mu = 100M⊙. As for the type II SN
4
rate we can write:
RSNII = (1−A)
∫ 16
8
ψ(t− τm)ϕ(m)dm
+
∫ MU
16
ψ(t− τm)ϕ(m)dm (2.7)
where the first integral accounts for the single stars in the range 8-16M⊙, and MU is the
upper mass limit in the IMF.
The initial galactic infall phase enters the equation via the sixth term, for which
we adopt the formula:
(
dGi(t)
dt
)infall = Xi,infallCe
−
t
τ , (2.8)
where Xi,infall describes the chemical composition of the accreted gas, assumed to be
primordial. C is the normalization constant obtained by integrating the infall law over
the Hubble time. For instance, for a 1011M⊙ model, the accretion history is such that
90% of the initial gas has already been accreted at tgw (in fact, we halt the infall of the
gas at the occurrence of the galactic wind). Finally, in order to calculate the potential
energy of gas, we take into account the presence of a dark matter halo. The assumed
prescriptions are the same as in previous models (e.g. Pipino & Matteucci 2004).
2.3.2 Stellar lifetimes
We relax the instantaneous recycling approximation. The stellar lifetimes adopted
in this thesis are the following: τm = 1.2m
−1.85+0.003 Gyr for m > 6.6M⊙ (Matteucci &
Greggio 1986), and τm = 10
[1.338−
√
1.790−0.2232∗(7.764−logm)]/0.1116−9 Gyr for m ≤ 6.6M⊙
(Renzini & Buzzoni 1986)
2.3.3 Stellar yields
The term stellar yields in this thesis5 indicates the masses of fresh and old elements
produced and ejected by a star of mass m and metallicity Z. The yields used in this
thesis are as follows:
1. For single low and intermediate mass stars (0.8 ≤M/M⊙ ≤ 8) we make use of the
yields by van den Hoek & Groenewegen (1997) as a function of metallicity.
2. For SNIa and SNII we adopt the recently suggested empirical yields by Franc¸ois
et al. (2004). These yields are a revised version of the Woosley & Weaver (1995)
(for SNII) and Iwamoto et al. (1999) (for SNIa) calculations adjusted to best fit the
chemical abundances in the Milky Way. When discussing the QSO J1148+5251we
4In this thesis, SNe II represent all the SNe which have massive progenitors, since the detailed
classification of core-collapse SNe does not affect the chemical evolution.
5Some authors use the definition relating to the mass fraction of only fresh elements.
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will also present a case in which for O and C we have adopted the yields computed
assuming mass loss in massive stars for Z > Z⊙ as in Maeder (1992). In fact,
including mass loss in massive stars produces a large loss of C and He, thus lowering
the O production, and this effect is significant only for over-solar metallicity. Recent
papers (McWilliam & al. 2008; Cescutti & al. 2009) have shown that these yields
are required to reproduce the [O/Mg] and [C/O] ratios at high metallicities in the
Galactic bulge.
2.3.4 Energetics
The two competing forms of energy that set the galactic wind time are: i) the
thermal energy of gas (including the stellar feedback and gas cooling) and ii) the potential
energy of the gas. We assume that stellar winds and SNe Ia, and II are the heating
sources. We assume that a galactic wind occurs when the gas thermal energy is equal
or larger than the potential energy. When the above condition is reached, the gas flows
out of the galaxy.
To compute the thermal energy of the gas due to SNe, the formulation adopted
here is the one used by Pipino et al. (2002). The thermal energy is:
E(th)ISM = E(th)SN + E(th)sw (2.9)
where
E(th)SN =
∫ t
0
εSN (t− t′)RSN (t′)dt′ (2.10)
and
E(th)sw =
∫ t
0
∫ 100
12
εswφ(m)ψ(t
′)dmdt′ (2.11)
are the thermal energy contributed by SNe (SNe Ia and SNe II) and stellar winds,
respectively.
The thermal energy transferred from a SN II to the ISM is a fraction of the SN II
blast wave energy Eo = 10
51 erg. To take into account the time dependence of the SN
II feedback, since different supernova remnants (SNR) contribute a different amount of
energy according to their evolutionary stage, the efficiency is depended on the cooling
time tc :
ǫSNII = 0.72Eo erg (2.12)
for tSN ≤ tc, and
ǫSNII = 0.22Eo(tSNII/tc)
−0.62 erg (2.13)
for tSN > tc. The tSN = t− t′ is the time elapsed from the SN II explosion. tc regulates
the efficiency of gas cooling as a function of time and influences the time for the onset
of the galactic wind. We adopt here the results about the SNR evolution in the ISM of
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Cioffi et al. (1988) which suggest the following cooling time depending on the metallicity:
tcool = 1.49 · 104ǫ3/140 n
−4/7
0
ζ−5/14 yr , (2.14)
where ζ = Z/Z⊙, n0 is the hydrogen number density, ǫ0 is the energy released during
a SN II explosion in units of 1051erg and we take always ǫ0 = 1. The SN II cooling
time tcool as a function of galactic age before the galactic wind time is shown in Fig. 2.1
for different models. Near to the wind time, the more massive galaxy shows the longer
cooling time. This is because that the hydrogen number density is lower in more massive
galaxy, although the metallicity is higher. The higher SFR in more massive galaxy (see
Fig. 4.1) is one of the reason of lower hydrogen number density.
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Fig. 2.1 The SN II cooling time as a function of galactic age before the galactic wind
time for Elliptical models in the central (0.1Reff ) region. M9 represents 10
9M⊙ model.
Parameters of those models are shown in Table 4.1.
Note that, the formulation of the efficiency is derived for isolated SNe: if SNe
explode in associations, there is the possibility, at least for small galaxies, that the
efficiency of energy transfer into the ISM can be much larger than estimated above,
especially if there is complete overlapping of the SNR with the consequent formation of
a super-bubble6. The radiative losses from SN Ia are likely to be negligible, since their
explosions occur in a medium already heated by SN II (Bradamante et al. 1998; Recchi
et al. 2001). The SNe Ia are allowed to transfer all of their initial blast wave energy,
namely:
ǫSNIa = E0 = 10
51
erg. (2.15)
This follows the suggestion of Recchi et al. (2001)
6The effect of correlated SNe II on the destroyed dust mass is considered in Pipino et al.
(2011). This effect on thermal energy has not be considered in the elliptical models. However,
it should be negligible, since the typical efficiency of energy release to the ISM averaged on all
SNe is ∼ 20% (Pipino et al. 2002)
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Pipino et al. (2002) stressed that, owing to the larger number of SN II relative to
SN Ia, the typical efficiency of energy release to the ISM averaged on both types of SN
is∼ 20%.
The efficiency for the thermal energy contributed from stellar winds is:
ǫsw = ηswEsw, (2.16)
where Esw ∼ 3 · 1047 erg is the energy released into the ISM from a typical massive star
(∼ 20M⊙) through stellar winds during its lifetime and ηW is the efficiency of energy
transfer, which we assume to be 3% in according to Bradamante et al. (1998). This
energy from stellar wind is only important before the onset of the first SN explosions
after which it becomes negligible as already shown by Gibson (1994).
The binding energy of gas takes into account the presence of a dark matter halo.
The assumed prescriptions are the same as in Pipino & Matteucci (2004). We evaluated
the binding energy of the gas in the i-th zone as
EiBin(t) =
∫ Ri+1
Ri
dL(R) , (2.17)
where dL(R) is the work required to carry a quantity dm = 4πR2ρgasdR of mass out
to infinity and Ri is the radius of the i-th shell (Martinelli et al. 1998). The baryonic
matter (i.e. star plus gas) is assumed to follow the distribution (Jaffe, 1983):
Fl(r) ∝
r/ro
1 + r/ro
, (2.18)
where ro = Reff/0.763. We assume that the dark matter (DM) is distributed in a diffuse
halo ten times more massive than the baryonic component of the galaxy with a scale
radius Rdark = 10Reff (Matteucci 1992), where Reff is the effective radius. The DM
profile is taken from Bertin et al. (1992). Other cases with a more concentrated DM
lead to delayed winds and thus to prolonged star formation, at odds with observations
(Martinelli et al. 1998).
2.4 Dust model
2.4.1 Stellar dust
We adopt the dust model of Calura et al. (2008) which uses the formalism devel-
oped by Dwek (1998). Let us define Xdust,i(t) as the abundance by mass of the element
i at the time t in the dust and since G(t) is the ISM fraction at the time t, the quantity
Gdust,i = Xdust,i · G(t) represents the normalized mass of the element i at the time t in
the dust. The time evolution of Gdust,i is therefore computed as:
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dGdust,i(t)
dt
= −ψ(t)Xdust,i(t)
+
∫ MBm
ML
ψ(t− τm)δSWi Qmi(t− τm)φ(m)dm
+A
∫ MBM
MBm
φ(m)
·[
∫ 0.5
µmin
f(µ)ψ(t− τm2)δIai Qmi(t− τm2)dµ]dm
+(1−A)
∫ Mw
MBm
ψ(t− τm)δSWi Qmi(t− τm)φ(m)dm
+(1−A)
∫ MBM
Mw
ψ(t− τm)δIIi Qmi(t− τm)φ(m)dm
+
∫ MU
MBM
ψ(t− τm)δIIi Qmi(t− τm)φ(m)dm
−Gdust,i
τdestr
+
Gdust,i
τaccr,i
+ δ
qso
i Xiψf (t) (2.19)
where Mw = 8M⊙ is the minimal mass of a star exploded as a SNII. We refer the
reader to Calura et al. (2008) for further details and we note that in this equation we
neglected the wind term which allows us to take into account the fraction of dust which
is ejected during the galactic wind. The main reason is that we are focusing on the
t < tgw evolution. The dust mass after the wind depends on several assumptions (e.g.
fate of the dust in the wind stage, wind mass loading, sputtering in the hot medium) and
we are planning to improve upon the Calura et al. (2008) formulation in a future work.
Here we recall the general features of the model as well as the main assumptions. Only
the main refractory elements, C, O, Mg, Si, S, Ca, Fe, are depleted into dust, and we
assume that stars can produce two different types of grains: i) silicate dust, composed
of O, Mg, Si, S, Ca and Fe, and ii) carbon dust, composed of C. As suggested by Dwek
(1998), we consider that the dust producers are low and intermediate mass stars, SNeIa
and SNeII. The condensation efficiencies δSW
i
, δIa
i
and δII
i
, for low and intermediate mass
stars, SNeIa and SNeII, respectively, are as follows.
In low and intermediate-mass stars, dust is produced during the Asymptotic Gi-
ant Branch (AGB) phase (Ferrarotti & Gail 2006, and references therein). We assume
that dust formation depends mainly on the composition of the stellar envelopes. If XO
and XC represent the O and C mass fractions in the stellar envelopes, respectively, we
assume that stars with XO/XC > 1 are producers of silicate dust, i.e. dust particles
composed by O, Mg, Si, S, Ca, Fe. On the other hand, C rich stars, characterized by
XO/XC < 1, are producers of carbonaceous solids, i.e. carbon dust (Draine 1990). Being
Mej,i(m) ∝ m × Qmi(t) and Md,i(m) the total ejected mass and the dust mass formed
by a star of initial mass m for the element i, respectively, we assume that for stars with
XO/XC < 1:
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Md,C(m) = δ
SW
C · [Mej,C(m)− 0.75Mej,O(m)] with δSWC = 1
Md,i(m) = 0, for all the other elements.
For stars with XO/XC > 1 in the envelope, we assume:
Md,C(m) = 0 ,Md,i(m) = δ
SW
i
Mej,i(m) ∝ δSWi Qmi
with δSW
i
= 1 for Mg, Si, S, Ca, Fe and
Md,O(m) = 16
∑
i δ
SW
i Mej,i(m)/µi
with µi being the mass of the i element in atomic mass units.
For SNIa we assume:
Md,i(m) = δ
Ia
i
Mej,i(m) ∝ δIai Qmi ,Md,O(m) = 16
∑
i δ
Ia
i
Mej,i(m)/µi.
For SNeII, we adopt the same prescriptions as for SNeIa.
The terms τaccr and τdestr represent the timescales for the destruction and accre-
tion of dust, respectively. For a given element i, the accretion timescale τaccr can be
expressed as:
τaccr,i = τ0,i/(1 − fi), (2.20)
where
fi =
Gdust,i
Gi
. (2.21)
Dust accretion occurs in dense molecular clouds, where volatile elements can condensate
onto pre-existing grain cores, originating a volatile part called mantle (Dwek, 1998,
Inoue, 2003). Direct evidences for dust accretion come from the observed large variations
of the depletion levels as a function of density (Savage & Sembach 1996) and from
the observed infrared emission of cold molecular clouds (Flagey et al. 2006), which is
characterized by the absence of small grain emission. These features can be accounted
for by the coagulation of small grains on and into larger particles. Indirect evidence for
dust accretion comes from the estimation of the grain lifetimes, which would be very
short if no process could allow the grains to recondense and grow (McKee 1989, Draine
& Salpeter 1979) .
Dust destruction is primarily due to the propagation of SN shock waves in the
warm/ionized interstellar medium (McKee 1989; Jones et al. 1994; Jones 2004). Follow-
ing the suggestions by McKee (1989) and Calura et al. (2008), for a given element i the
destruction timescale τdestr can be expressed as:
τdestr,i = (ǫMSNR)
−1 · σgas
RSN
(2.22)
Where σgas is gas mass density. Hence the destruction timescale is independent of the
dust mass. MSNR is the mass of the interstellar gas swept up by the SN remnant. For
25
this quantity, McKee (1989) suggests a typical value of MSNR ∼ 6800M⊙ as well as a
value for the destruction efficiency ǫ in a three-phase medium as the present-day local
ISM are around 0.2. Hence Calura et al. (2008) assumed:
ǫMSNR = 0.2× 6800M⊙ = 1360M⊙ . (2.23)
In Calura et al. (2008), RSN is the total SNe rate at any given time step, including the
contributions by both SNeIa and SNeII.
Below we discuss the different prescriptions adopted here with respect to the
original model presented in Calura et al. (2008).
We note here that the modifications have been made through changes in the parameters
(e.g. δIIi , τ0,i), whereas the general scheme and the above equations hold for both the
Calura et al. and the present formulations.
Dust production:
• We reduced the values for δII
i
in order to reproduce recent observational constraints
(e.g. Kotak et al., 2009, Gomez et al., 2009). In practice, since the main unknown
quantity is the efficiency with which newly created dust might be destroyed by
reverse shocks inside the SN remnant - that we cannot model - before it either
becomes observable or is ejected in to the ISM, we include this uncertainty in
the quantity δ
II
i
(see also Valiante et al., 2009a, and Zhukovska et al., 2008). In
particular, we decreased the δ
II
i
by a factor of 10 with respect to the Calura et al.’s
fiducial case. This implies that a typical 20M
⊙
star now produces nearly 0.08M
⊙
of dust. This is 2-3 times higher than the maximum amount of warm dust observed
in SNII (Rho et al., 2008, 2009), yet lower than the most recent estimates of the
cold dust mass in the Kepler and CasA SN remnants (Gomez et al., 2009, Dunne
et al., 2009). The dust “yields” as a function of stellar mass for SNeII are shown in
Fig. 2.2, whereas a comparison between the new efficiencies and those in Calura
et al. is shown in Table 2.1.
• We reduced by a factor of 10 also the values for δIa
i
and the reason is that there
is no clear indication that SNe Ia produce dust and certainly they cannot produce
more dust than SNe II.
Dust accretion in the ISM:
We have improved the calculation of the dust growth rate for systems with a SFR
(and hence a cloud destruction rate) much higher than in the MW.
We assumed that the dust accretion occurs only during the starburst epoch
7
in
dense molecular clouds, where volatile elements can condensate onto pre-existing grain
cores. In particular, in order to calculate the effective growth timescale we took into
account the two following facts: i) the growth timescale is in the range 10-70 Myr and
quickly decreases with the metallicity of the ISM (c.f Zhukovska et al. 2008, their Fig.
12), and ii) the effective growth timescale depends on the fraction of ISM in molecular
7After the galactic wind occurs and star formation stops there is only dust production from
long living stars and SNIa.
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clouds. As far as the former is concerned, given the high SF rates in model ellipticals
(see below) the metallicity quickly increases; therefore, for a sizeable fraction of the
galaxy evolution, we are in the regime in which τ0 is shorter than the typical survival
time of molecular clouds, (20-30 Myr, e.g. Krumholz & al. 2006). This implies that the
dust growth regime is basically determined by the cycling frequency of the ISM between
clouds rather than by the inner processes occurring inside the clouds (Zhukovska et al.,
2008), which we will neglect. Namely, if we consider a fraction of ISM which collapses
into a cloud which is in turn dispersed by the young stars, there is always a net increase
in the dust mass. The more frequently the single regions of the ISM collapse into clouds,
form stars and become diffuse ISM again, the faster the gain in dust mass by growth.
In other words, the only difference between galaxies of different mass/SF history might
arise from the fraction of ISM in molecular clouds at any time and by the speed at
which these clouds are (re-)created. In the revised monolithic formation scenario, the
formation of the most massive galaxies occurs in a very intense and short burst, with
SFRs exceeding 1000 M
⊙
/yr (Fig. 2). Therefore we expect that most of the ISM is
in the form of clouds for most of the time, during the active star forming phase. The
high mass galaxy model forms twice as fast (in terms of infall timescale, 4 times if the
star formation timescale 1/ν is considered) as the low mass galaxy model. Therefore,
relatively speaking, we expect that the high mass model will have an effective growth
timescale which is a factor of 2-4 shorter than in the low mass model. In this latter case
we adopt the fiducial value (τ0=0.05 Gyr) from Calura et al. (2008), whereas in the
former, namely the most massive galaxy, we assume τ0=0.01 Gyr.
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Fig. 2.2 Dust “yields” from SNe II as functions of initial stellar mass adopted in this
Chapter (see description in the text).
Dust destruction:
We accounted for the effect of correlated SNe II, which strongly suppresses the
destruction of the interstellar dust with respect to the case in which all SNe could
be treated as isolated and random explosions. McKee (1989), estimates that in an
association with ≥10-40 SNeII, the dust mass which can be destroyed amounts to ∼
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1.5− 2 times the mass of dust destroyed by a single isolated explosion, namely the mean
efficiency per SNII is a factor of 0.05-0.2 the efficiency of an isolated explosion. To mimic
this effect we made use of an effective SNII rate (equal to the 1/10 of the actual SNII
rate) when computing the destruction rate (Eq. 2.22). The SNIa explosions are not
correlated, therefore we still used their actual rate for computing the destruction due to
them.
Table 2.1 shows the values adopted for the dust depletion efficiencies and both
the growth and the destruction timescale in both the old (Dwek et al., 1998, Calura et
al., 2008) and in the revised (this thesis) formulation for the dust evolution.
Table 2.1 Dust parameters in the old and the new formulation
parameter Calura et al. new value element
δSW
i
1 1 Ca
(C/O>1) 0 0 O,Mg,Si,S,Ca,Ti,Fe
δSW
i
0 0 C
(C/O<1) 1 1 Mg,Si,S,Ca,Ti,Fe
δIa
i
0.5 0.05 C
0.8 0.08 Mg,Si,S,Ca,Ti,Feb
δII
i
0.5 0.05 C
0.8 0.08 Mg,Si,S,Ca,Ti,Fe
τ0 const with gal. mass dependent on gal. mass
τdestr true SNII rate effective
c SNII rate
+true SNIa rate +true SNIa rate
QSO dust - Elvis et al. (2002)
aRefer to Sect. 3.1 for the formula for the C dust.
bRefer to Sect. 3.1 for the formula for the O dust.
cA factor of 10 lower than the true rate
2.4.2 QSO dust
A non-stellar mechanism for dust production in the early Universe was proposed
by Elvis et al. (2002). These authors showed that the physical conditions in the clouds
of the Broad Emission Line (BEL) regions which undergo cooling and adiabatic expan-
sion may become similar to the conditions of AGB stellar envelopes, and therefore may
provide sites for dust formation. The QSO wind can then enhance the pressure, hence
boosting the dust production. Elvis et al. (2002) estimate that this process starts when
the BEL clouds are about 3pc from the QSO center. Also, they estimate that dust
sublimation due to the QSO radiation should be prevented by the cloud geometry and
composition even in the most luminous QSOs.
To take into account this dust production channel we assumed a simple model
suggested by Maiolino et al. (2006) with the main difference that we use a self-consistent
estimate of the gas metallicity in the dust formation site. The main ingredients are the
following:
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1 In order to reproduce the correlation between black hole (BH) and stellar mass, we
expect a BH mass Mbh ∼ 0.003ML (Ferrarese & Cote, 2007) at the wind time tgw.
Since now on, we will refer to the above “fiducial” set-up, unless stated otherwise.
In Sect. 6 we will also discuss cases in which the BH-to-stellar mass ratio is higher,
as it seems to be the case at high redshifts (e.g. Lamastra et al., 2010).
2 In order to achieve (1) it is enough to let the BH grows at the Eddington rate
over the time 0-tgw (Padovani & Matteucci 1993), starting from a seed mass of
∼ 2000M
⊙
.
3 We assume that the mass flow rate from QSO wind is M˙f (t) = 0.5 · 10
−8
Mbh(t) in
units of M
⊙
/yr (Proga et al. 2000).
4 We assume that the QSO dust creation rate scales as the mass flow rate in the
QSO wind. The factor of proportionality being the elemental abundance Xi in the
gas which is calculated at each timestep. Our model predicts average metallicities
in each shell. Therefore, the abundances in the central region of the galaxies are
lower than the ones measured in BLRs (Nagao et al., 2006b, Juarez et al., 2009).
In Sect. 6 we will show a case in which we estimate the effect of the enhanced BLR
metallicity in the creation of QSO dust.
5 We use the same depletion efficiencies as for low- and intermediate-mass stars,
hence δ
qso
i
= δ
sw
i
.
Interestingly, several studies (e.g. Maiolino et al. 2004) show that the extinction
curve in high redshift QSOs is similar to the one expected for a medium dominated by
SN dust. Indeed, some SNeII (and possibly “prompt” SNeIa, see Mannucci et al, 2006)
can provide the metal seeds out of which the QSO dust can condense. The effect of the
QSO dust amount and composition on the spectral properties of high redshift spheroids
can possibly constrain the above scheme and it will be the topic of a forthcoming paper.
We will study the QSO contribution to the dust only in the highest mass galaxy
model. The reasons are many: i) the observations we compare with are for high redshift
very massive galaxies which host QSOs; ii) the fraction of QSO in z∼3 LBGs is lower
than 3% (Reddy et al. 2008), and iii) there is no indication of a QSO in the gravitational
lensed LBG MS 1512-cB58.
The general results of the elliptical models will be shown in Chapter 4. The
particular implications of chemical evolution models will be shown in Chapter 5 (QSO
and LGRB hosts) and Chapter 6 (LBGs). The IMF effects on chemical evolution model
will be discussed in Chapter 7.
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Chapter 3
The galactic spectro-photometric model
3.1 Definitions
Before describing the spectro-photometric model, we summarized here the main
definitions that adopted in the model.
Some energy leaves the surface element dA within a solid angle dΩ. The angle
between dΩ and the normal to the surface is denoted by θ. The amount of energy with
frequency in the range [ν, ν + dν] entering this solid angle in time dt is:
dEν = Iν cosθ dAdν dΩ dt , (3.1)
where Iν is the specific intensity in unit [erg s
−1
cm
−2
ster
−1
Hz
−1
]. Iν can fully de-
scribe the radiation field. The intensity, which includes all possible frequencies, is
obtained by integrating Iν over all frequencies:
I =
∫
∞
0
Iν dν . (3.2)
The mean specific intensity Jλ is defined as the average of Iν over the total solid
angle 4π:
Jν =
1
4π
∫
4π
IνdΩ =
1
4π
∫ π
0
dθ
∫ 2π
0
dφIν(θ, φ) sin θ . (3.3)
The radiation filed emitted by a black body only depends on its temperature:
Iν = Bν(T ) , (3.4)
where Bν(T ) is the Plank function in frequency domain defined as:
Bν(T ) ≡
2hν
3
c2
1
exp(hν/κT ) − 1 (3.5)
This function represents the power emitted from the emitting surface, per unit area, per
unit of solid angle of detection, per unit frequency.
The energy dEλ in the wavelength interval λ to λ+dλ emitted by a single particle
with a volume dV at time interval t to t+ dt passes into a solid angle dΩ is:
dEλ = ǫλdV dΩdλdt, (3.6)
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where ǫλ is called the macroscopic emission coefficient or the emissivity with the unit
[erg s
−1
sr
−1
A˚
−1
cm
−3
]. The emissivity could also be weighted in mass, which has the
unit [erg s
−1
sr
−1
A˚
−1
g
−1
].
The energy of a radiation field absorbed by a particle with the absorb cross section
σabs(ν) is:
dE
′
ν
= σabs(ν)Iν . (3.7)
The cross section σabs is the volume (or mass) absorption coefficient of dust.
In local thermodynamic equilibrium, the energy absorbed by a particle with a
volume dV equals to the energy it emitted as a black body.∫
σabsIνdν =
∫
ǫλdV dν =
∫
σabsBν(T )dν (3.8)
For spherical grains, our standard case, with radius a and absorption efficiency
Qabs(a), we have ∫
Cabs(a)Iνdν =
∫
jλ(a)dν =
∫
Cabs(a)Bν(T )dν , (3.9)
where Cabs(a) ≡ πa
2
Qabs is the cross section of the spherical particle in unit [cm
2
].
Note, jλ(a) is the total emissivity of the spherical particle with unit [erg s
−1
sr
−1
A˚
−1
],
since the cross section Cabs(a) has already taken into account the volume of the particle.
Hereafter, the term emissivity refers to jλ(a).
More important quantity from the observational point of view is the amount of
energy E passing through a unit area during some interval of time dt, which is called the
flux of energy, or flux density, or radiant flux, often abbreviated as flux F . The relation
between the flux and intensity is:
F =
∫
s
I cosθ dΩ, (3.10)
where the integration is extended over all possible directions. The flux is the total amount
of energy of light of all wavelengths that crosses a unit area oriented perpendicular to
the direction of the lights’s travel in local unit time; that is, it is the number of ergs of
starlight energy arriving per second at one square centimeter of detector aimed at the
star. The flux, usually with the unit [erg cm
−2
s
−1
], can be calculated by:
F =
L
4πD2
L
, (3.11)
where DL is the luminosity distance and the bolometric luminosity L (the energy
emitted by source per second, named power in physics) is defined as:
L =
dE
dte
. (3.12)
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The radiative flux, or radiative flux density, or monochromatic flux, or spectral fluxes
density Fλ usually with the unit [erg cm
−2
s
−1
A˚
−1
] in wavelength or [erg cm
−2
s
−1
Hz
−1
]
in frequency is another observational parameter. From spectroscopic observations, one
obtains spectra for objects, i.e. their SEDs Fλ or Fν defined so that Fλdλ and Fνdν are
the fluxes received in the wavelength and frequency ranges dλ at λ and dν at ν. From
the relation between wavelength and frequency, λ = c/ν, we then have that
Fν =
λ
2
Fλ
c
and Fλ =
ν
2
Fν
c
. (3.13)
If the source is at redshift z, its monochromatic luminosity or luminosity density,
orspectral luminosity Lν(νe) (at source rest-frame) is related to its apparent spectral
flux density Fν(νo) ( at observatory rest-frame) through:
Fν(νo) =
[1 + z]Lν(νe)
4πD2
L
(3.14a)
νe = [1 + z]νo (3.14b)
Fλ(λo) =
Lλ(λe)
[1 + z]4πD2
L
(3.15a)
λo = [1 + z]λe , (3.15b)
where spectral luminosity Lλ is the energy per second per wavelength L =
∫
Lλdλ.
The following units conversions are useful when one compare the data and the
model predictions:
1. observation: at observatory rest-frame, one measure the spectral fluxes density
fνob in unit [Jy] at frequency νob in unit [Hz]
2. theory: at source rest-frame, The modeled spectral luminosity Lλre has the unit
[erg s
−1
A˚
−1
] at wavelength λre in unit [A˚]
3. information: the source is at redshift z
4. with the units conversions:
[Y Jy] = 1.0E + 23 ∗ [Xerg/cm2/s/Hz] (3.16)
fνob[Jy] = 10
−23
fνob
[
erg
s cm2Hz
]
(3.17)
one can get
Lνre =
fνob
1023
4πD
2
l
1 + z
(3.18)
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where Lνre is the spectral luminosity in unit [erg s
−1
Hz
−1
] and Dl is the lumi-
nosity distance in unit [cm]. With:
[Y Jy] = (3.33564095E + 04)× [X1 erg/cm
2
/s/A]× [X2A]
2
, (3.19)
one can get
Lλre =
fνob
(3.33564095E + 04)× λ2
re
4πD
2
l
1 + z
(3.20)
3.2 Introduction
For a more detailed view of galactic spectro-photometric models and their impli-
cations, I refer to reviews (Gawiser 2009; Walcher et al. 2011) and reference therein.
The most simple galactic spectro-photometric model adopts a stellar population
model and an empirical extinction law. In this approach, the properties of stellar popu-
lations, such as the stellar mass and age, can be studied with an assumed star formation
history without introducing many parameters related to the computation of the extinc-
tion. A fixed metallicity, such as the solar metallicity, used by the stellar population
model, is usually adopted in one simulation. One shortcoming of this approach is that
the IR SED of a galaxy emitted by dust cannot be modeled. To study properties of gas
and dust by a galactic spectro-photometric model, the radiation transfer between stars
and dust should be solved. The geometry and dust model (see below) are ingredients
introduced by solving the radiation transfer.
Here I will describe the spectro-photometric code GRASIL (Silva et al. 1998).
GRASIL calculates the UV-radio SED for different morphological type galaxies through
solving the radiative transfer. GRASIL has been successfully applied in many contexts
(e.g. see Granato et al. 2004; Baugh et al. 2005; Silva et al. 2005; Panuzzo et al. 2007a,b;
Fontanot et al. 2007; Galliano et al. 2008; Vega et al. 2008; Lacey et al. 2008; Fontanot
et al. 2009b; Schurer et al. 2009; Fan 2011) For more detailed view of GRASIL, I refer
to a review (Silva 2009) and reference therein.
3.2.1 Basic principles
A detailed galactic spectro-photometric model should include the following ingre-
dients:
1. Stellar population models: stars are the sources of light in a normal galaxy
1
. The
IMF, SFH, the metallicity enrichment history will be introduced in this ingredient.
2. The radiation transfer: modeling the UV-radio band SED in a self-consist way
should be through solving the radiation transfer.
3. The geometry: the mass profiles of stars, gas and dust are necessary to solve the
radiation transfer.
1GRASIL has not been used to model the AGN.
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4. The dust model: the dust model should at least include: dust components, dust
abundance
2
, dust component relative abundance, dust size distribution and dust
optical properties.
3.3 The galactic spectro-photometric model for elliptical galaxies
The structure and the star formation history are the main different ingredients
of GRASIL for different morphological type galaxies. Most of the ingredients of the
elliptical model described below are suitable for all other morphological type galaxies
models.
3.3.1 Stellar Population Model
The luminosities of the different stellar components are calculated using the pop-
ulation synthesis. The single stellar populations (SSPs) included in GRASIL are based
on the Padova stellar models and cover a large range of ages and metallicity. The SSPs
include asymptotic giant branch (AGB) isochrones, which incorporate a treatment of
the dusty envelope around these stars, and have been calibrated on the most recent data
for the V-K colors of the large magellanic cloud’s star clusters (see Marigo et al. 2008;
Bressan et al. 1998). The spectral synthesis technique consists in summing up the spec-
tra of each stellar population provided by a SSP of appropriate age and metallicity (Z),
weighted by the star-formation rate (SFR) ψ(t) at the time of the star’s birth (Bressan
et al. 1994):
Fλ(tG) =
∫ tG
0
fSSP,λ(tG − t;Z(t))× ψ(t)dt, (3.21)
where tG is the age of the galaxy and t is the birth age of an individual SSP and
fSSP,λ(tG − t;Z(t)) is the integrated spectral flux density of a SSP.
3.3.2 Geometry
Both stars and dust follow the spherical symmetric distribution with an analytic
King profile (King 1966):
ρ = ρ0(1 + (r/rc)
2
)
−3/2
(3.22)
extended up until the tidal radius Rgal = 10
2.2
rc, where tc is the core radius of the
stellar component. This truncation radius Rgal is required in King profile, since the mass
contained with in r, M(r), diverges as r → ∞. The core radius rc, a free parameter in
GRASIL, is suggested to correlate with the luminosity:
log10(
rc
kpc
) ∼
{
−0.3(MB + 22.45), MB ≤ −20, (3.23)
−0.1(MB + 27.34), MB > −20. (3.23
′
)
2Dust abundance represents the mass ratio of dust to ISM, which usually is obtained by an
assumed dust-to-gas ratio related to the metallicity, or by the outputs of a galactic chemical
evolution model (see an example below).
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3.3.3 Dust model
The dust composition in GRASIL consists of graphite and silicate grains, and
Polycyclic Aromatic Hydrocarbons (PAH) molecules. The optical properties of spherical
silicate and graphite grains are taken from Laor & Draine (1993). Those optical proper-
ties are computed by Mie theory, with the Rayleigh-Gans approximation and geometric
optics. The optical properties of PAH molecules are from Draine & Li (2007).
3.3.3.1 Big and small grains
Bathing in a radiation field, grains absorb and emit photons. The probability
P (T )dT for finding a grain in the temperature interval from T to T+dT is normalized
as: ∫
P (T )dT = 1 (3.24)
For very large grains, P (T ) approaches a δ-function. Their temperature fluctuates very
little around an equilibrium value Teq. The emission of them can be calculated under
the local thermodynamic equilibrium assumption. Small grains do not attain a steady
temperature. When the time interval between the absorption of two photons, which have
an energy E comparable to the enthalpy of a small grain, is much larger than the cooling
time of a small grain, calculating the emission of the grain should take into account its
temperature fluctuations.
The dust size distribution
The dust size (radius) distribution for the i (graphite or silicate) composition is:
dni
da
=


AinHa
β1 , if ab < a < amax, (3.25)
AinHa
β1−β2
b
a
β2 , if amin < a < ab. (3.25
′
)
The dust mass mi and dust-to-gas ratio δ are provided by the chemical evolution model:
mi =
∫ amax
amin
4πa
3
ρi
3nH
dni
da
da, (3.26)
δ =
∑
imi
mH
, (3.27)
where nH , mH and ρi are the gas number density, gas mass and grain mass density,
respectively. The normalized parameter Ai is calculated by Eq. 3.25,3.26,3.27.
Cross sections
The cross sections of scattering, absorption and extinction for the grain mixture in each
component of the ISM are defined as:
Cp,i (λ) =
∫ amax,i
amin,i
πa
2
Qp,i (a, λ)
1
nH
dni(a)
da
da (3.28)
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where the index p stands for absorption (abs), scattering (sca), total extinction (ext)
and the index i identifies the type of grains, amin,i and amax,i are the lower and upper
limits of the size distribution for the i-type of grain, and finally nH is the number density
of H atoms. The total dimension-less extinction coefficient or extinction efficiency
is Qext (a, λ) = Qabs (a, λ) + Qsca (a, λ). With the aid of the above cross sections it is
possible to calculate the optical depth τp(λ) along a given path:
τp (λ) =
∑
i
Cp,i (λ)
∫
Lp
nHdl =
∑
i
Cp,i (λ)×NH (3.29)
where Lp is the optical path and the meaning of the other symbols is the same as before.
In this expression for the various τp(λ) we have implicitly assumed that the cross sections
remain constant along the optical path.
Emissions
The emission for big and small grains follow the Kirchhoff’s law of thermal radiation
and Guhathakurta & Draine (1989), respectively. According to Guhathakurta & Draine
(1989) and Siebenmorgen et al. (1992), the typical dimension separating small from large
grains is about aflu ≃ 150A˚ independently of the radiation field.
For local thermodynamic equilibrium, with the aid of the equilibrium temperature
T (a) for a grain with the radius a, we calculate the emission assuming that big (a > aflu)
graphite and silicate grains of fixed composition and radius behave like a black body.
The emission coefficient j
big
λ
(erg s
−1
sr
−1
A˚
−1
) per H atom for big graphite and silicate
grains is :
j
big
λ
=
∫ amax
aflu
πa
2
Qabs (a, λ)Bλ (T (a))
1
nH
dn (a)
da
da (3.30)
The emission coefficient j
small
λ
per H atom for small (a < aflu) graphite and silicate
grains is given by
j
small
λ
= π
∫ aflu
amin
∫ Tmax
Tmin
a
2
Qabs (a, λ)Bλ (T (a))
×dP (a)
dT
dT
1
nH
dn (a)
da
da (3.31)
where dP (a) /dT is the distribution temperature obtained for the generic dimension a,
and Bλ (T (a)) is the Planck function defined in wavelength domain (a specific intensity):
Bλ (T (a)) ≡
2hλ
−5
c
2
e(
hc
κλT ) − 1
(3.32)
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3.3.3.2 PAH
The PAH is treated somewhat separately from other dust. The PAH size distri-
bution adopted in GRASIL is:
dnPAH
da
= Xa
−3.5
cm
−1
. (3.33)
where X is a free parameter related to the number of C atoms locked in PAH.
The optical-UV absorption cross-section of PAH is from Leger et al. (1989), ob-
tained by laboratory measurements for different PAH mixtures. The PAH emissivity
is computed following mainly Xu & de Zotti (1989). Once emitted, PAH bands are
absorbed by MCs and/or cirrus dust before emerging from the model galaxy. This
treatment provides a rigorous computation of the total energy emitted in these features.
Under the effect of an incident radiation field I(λ
′
) containing photons of any energy,
the emission coefficient j
PAH
λ
per H atom is:
j
PAH
λ
=
1
nH
∫ ahigh
PAH
alow
PAH
dnPAH
da
πa
2
Q
PAH
abs
(a, λ)
×
∫
∞
0
I(λ
′
)
hc
λ
′
dλ
′
×
∫ Tmax
Tmin
πa
2
Q
PAH
abs
(
a, λ
′
)
πB (λ, T )
CPAH (T, a)
F (T, a)
dT da , (3.34)
from which:
j
PAH
λ
=
1
nH
∫ λMAX
λMIN
∫ ahigh
PAH
alow
PAH
dnPAH
da
πa
2
Q
PAH
abs
(
a, λ
′
)
I
(
λ
′
) S (λ′ , λ, a)
hc/λ
′
da dλ
′
, (3.35)
where S(λ
′
, λ, a) [erg A˚
−1
] is the energy at wavelength λ radiated by a PAH of radius a,
as a consequence of absorbing a single photon with energy E = hν
′
= hc/λ
′
, given by:
S(λ
′
, λ, a) =
∫ t
0
πa
2
Q
PAH
abs
(a, λ) πB (λ, T ) dt =
=
∫ Tmax
Tmin
πa
2
Q
PAH
abs
(a, λ) πB (λ, T )
CPAH (T, a)
F (T, a)
dT (3.36)
F (T, a) [erg s
−1
] is the power irradiated by a molecule of dimension a at the temperature
T :
F (T, a) =
∫
∞
0
πa
2
Q
PAH
abs
(a, λ) πB (λ, T ) dλ (3.37)
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The fact π comes from integration over the half-space:∫ π/2
0
cos θ sin θdθ
∫ 2π
0
dφ = π (3.38)
Once heated to a temperature T , the molecule cools down at the rate:
dT
dt
=
F (T, a)
CPAH (T, a)
. (3.39)
CPAH (T, a) is the heat capacity of a grain of dimension a at temperature T . We use the
numerical fit of the Leger et al. (1989):
CPAH (T, a)
Cmax
=


mT T ≤ 800 K
nT + p 800 K ≤ T ≤ 2100 K
1 T ≥ 2100 K
(3.40)
where m = 9.25 · 10−4, n = 2 · 10−4, p = 0.58, and Cmax = 3
[(
NC +NH
)
− 2
]
kB (Leger
et al. 1989). NC and NH are the number of hydrogen and carbon atoms in the molecule,
and kB is the Boltzmann constant. The maximum temperature Tmax increases because
of the absorption of a photon with energy E = hc/λ
′
is given by the solution of the
equation:
hc
λ
′
=
∫ Tmax(λ′ ,a)
Tmin
CP (T, a) dT (3.41)
As pointed out by Xu & de Zotti (1989), Tmax(λ
′
, a) is essentially independent from the
choice of Tmin. We take Tmin ∼ 5 K.
3.3.4 Radiation transfer
The dust component has the same profile as the stellar component but it can
have scale-lengths independent of the stellar component. Within these profiles the gas
and dust is further split into two main components: dense molecular clouds and diffuse
cirrus. The effect of the age selective extinction of stellar populations, for the first time,
is modeled by a parametric approach adopting the parameter tesc in GRASIL. This is
described in GRASIL assuming that the fraction of starlight radiated inside the clouds
by stars is a function of the star age. In practice, if tesc is the timescale for the process,
100% of the stars younger than tesc are considered to radiate inside the MCs, and this
percentage goes linearly to 0% in 2tesc. The fraction of stars inside clouds at time t after
they formed is assumed to be:
F (t) =


1, if t < tesc, (3.42)
2− t
tesc
, if tesc < t < 2tesc, (3.42
′
)
0, if t > 2tesc. (3.42
′′
)
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For the molecular clouds a full radiative transfer calculation is performed. The
radiative transfer of starlight through dust is computed along the required line of sight
yielding the emerging SED (Granato & Danese 1994) based on lambda-iteration nu-
merical method (Efstathiou & Rowan-Robinson 1990; Collison & Fix 1991). However,
for the diffuse dust, the effects of scattering are only approximated by assuming an ef-
fective optical depth related to the true absorption and scattering optical depths by:
τeff = [τabs(τabs + τsca)]
1/2
and assuming that there is no re-absorption of the radiation
emitted by the cirrus. Using these approximations, GRASIL calculates, for each point
inside and outside the galaxy, the dust attenuated stellar radiation field. Once this is
known, it is then possible to calculate for each point inside the galaxy the absorption of
radiation, thermal balance if in thermal equilibrium or thermal fluctuations if not, and
hence, re-emission for each grain composition and size. Combining the contributions
from the attenuated starlight and from the dust re-emission, a SED for the galaxy is
calculated which depends on the angle from which the galaxy is viewed.
Finally, The spectra-photometric model needs to star from the outputs of the
chemical model, which provides the history of the star formation and the chemical en-
richment for a given galaxy. We will show an example of the combination of GRASIL
and our chemical evolution models for Lyman break galaxies in Chapter 6.
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Chapter 4
The chemical evolution of elliptical galaxies
with stellar and QSO dust production
4.1 Introduction
In this Chapter
1
, we will study the general chemical properties of high redshift
elliptical galaxies by our elliptical chemical evolution models. Those models, as described
in Chapter 2, take into account detailed dust ingredients.
Dust modifies the physical and chemical conditions of the interstellar medium (IS-
M), in particular it prevents stellar radiation from penetrating dense clouds, affects the
cooling process, and depletes elements into grains. Dust absorbs and scatters photons
mostly at wavelengths . 1µm, and reemits them as infrared photons. Those processes
affect our interpretation of the observational results, for instance those concerning the
spectral energy distribution (SED) and the chemical abundances of the gas. Dust is a
fundamental component which cannot be neglected especially when comparing model
results to high redshift observations. There are clear evidences that a non-negligible
amount of dust exists at high redshift as indicated by the extinction curves for Lyman
break galaxies (LBGs) (e.g. Shapley et al. 2001) and by the depletion of heavy elements
in quasar absorption systems (e.g. Jiang et al. 2010), and by the far infrared (IR) to mil-
limeter (mm) dust thermal emission of distant quasars (e.g. Beelen et al. 2006; Bertoldi
et al. 2003a; Wang et al. 2008). The main stellar sites for dust production are the cool
dense atmospheres of Asymptotic Giant Branch (AGB) stars and the supernovae (SNe),
and the type of dust formed depends on the chemical composition of the ejecta. Despite
the fact that AGB stars and SNe Ia contribute to dust already after 30 Myr (i.e. the
lifetime of a 8 M
⊙
) since the beginning of star formation, the large observed amount of
dust at high redshift in some quasars needs perhaps an additional dust source. The SNe
II are one obvious stellar site (Maiolino et al. 2004), but it is not clear how dust evolution
proceeds in SN II environments (Dwek et al. 2007; Kozasa et al. 2009). In fact, while
submillimetre observations of the Kepler and CasA SN remnants yield 0.1-1 M
⊙
of dust
(e.g. Morgan et al. 2003; Dunne et al. 2009; Gomez et al. 2009), infrared observations
give << 0.1 M
⊙
of dust (Elmhamdi et al. 2003; Sugerman et al. 2006; Kotak et al. 2009;
Rho et al. 2008, 2009; Meikle et al. 2007). A possibility is that such a discrepancy could
be traced back to a difference in the instrument sensitivity to the different dust phases
(cold for submillimetre, warm for Spitzer). On the other hand, theoretical calculations
may yield up to 1 M
⊙
of dust, with the exact value depending on the progenitor mass
1This Chapter is partly based on Pipino et al. (2011)
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and chemical composition of the ejecta
2
(e.g. Dwek, 1998 and references therein). How-
ever, a large fraction of this dust can be destroyed by the reverse shock inside the SN
remnant (e.g. Bianchi & Schneider 2007), with the details depending on the degree of
asymmetry in the explosion (Nozawa et al. 2010).
The so-called smoking quasars, namely quasars produced in the clouds in the
broad line regions (Elvis et al. 2002), might be one of the few sources of high redshift
dust, but how much dust can be formed by the QSO wind is still unknown. Markwick-
Kemper et al. (2007) determined the composition of dust in the broad absorption line
(BAL) quasar PG 2112+059. They argued that the derived crystalline silicate fraction
requires high temperatures such as those found in the immediate quasar environment
in order to counteract the rapid destruction from cosmic rays, thus lending support to
Elvis et al. (2002) idea.
The measurement of metallicity and dust depletion, which are products of the
(inter-)stellar evolution, provides an important constraint on chemical models. The
formation and evolution of dust in primordial SNe as well as the dust evolution effects
on SED of galaxies have been studied by Nozawa et al. (2008) and Schurer et al. (2009),
respectively. Studies of the gas, metal and dust evolution have been performed by
means of analytical models (Dwek et al. 2007) and simulations (Dwek 1998; Morgan &
Edmunds 2003; Inoue 2003; Valiante et al. 2009b; Gall et al. 2011a,b). Calura et al. (2008)
applied a detailed formulation of dust production and destruction to a detailed chemical
evolution model. In that paper the model was mostly constrained by means of the solar
neighborhood dust determination, and then it was proven to be quite flexible, since it
can be readily applied to models for elliptical and irregular galaxies. The qualitative dust
mass evolution with time in high mass spheroids was depicted and Calura et al. (2008)
showed how the dust is an important factor also in the very late phases of their lives,
namely when the star formation is over. In this Chapter we aim at studying in detail the
dust evolution in elliptical galaxies by starting from the model by Calura et al. (2008). We
update the dust production by changing the dust condensation efficiency in supernova Ia
and II (in order to take into account the above mentioned new observational constraints)
and adding the possibility of QSO dust. We also revise the accretion process timescale.
We present models of ellipticals of different baryonic masses in the range 10
9 − 1012M
⊙
.
This Chapter is organized as follows. The chemical evolution model and the dust
model are described in Sect. 4.2. We predict the chemical and dust evolution of elliptical
galaxies in different conditions in Sect. 4.3. Our conclusions are summarized in Sect.
4.4.
4.2 The models
The chemical evolution models and dust models are the same as described in
Chapter 2. The parameters and results of chemical evolution models with total mass
10
9
M
⊙
, 10
10
M
⊙
, 3 × 1010M
⊙
, 10
11
M
⊙
, 10
12
M
⊙
with various dust models are shown in
Table 4.1.
2For instance in Calura et al. (2008) we assume that a 20 M⊙ star forms 0.8 M⊙ of dust
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Table 4.1 Model parameters and results.
model
name Mlum Reff ν τ tgw [< Mg/Fe >∗] C,O yields N stellar recipe τ0 QSO MBH,seed τBH BEL
(M⊙) (kpc) (Gyr
−1
) (Gyr) (Gyr) primary dust dust (M⊙) (Gyr) metall.
M9 10
9
0.4 1.2 0.8 1.2 +0.28 Franc¸ois no off - - - - - -
M9d 10
9
0.4 1.2 0.8 1.2 +0.28 Franc¸ois no on this work 0.1 off - - -
M10 10
10
1 3 0.5 1.1 +0.29 Franc¸ois no off - - - - - -
M10d 10
10
1 3 0.5 1.1 +0.29 Franc¸ois no on this work 0.08 off - - -
M310 3 · 10
10
2 5 0.5 1.0 +0.30 Franc¸ois no off - - - - - -
M310N 3 · 10
10
2 5 0.5 1.0 +0.30 Franc¸ois yes off - - - - -
M310d 3 · 10
10
2 5 0.5 1.0 +0.30 Franc¸ois no on this work 0.05 off - - -
M310Nd 3 · 10
10
2 5 0.5 1.0 +0.30 Franc¸ois yes on this work 0.05 off - - -
M310Cd 3 · 10
10
2 5 0.5 1.0 +0.30 Franc¸ois no on Calura 0.05 off - - -
M310MD 3 · 10
10
2 5 0.5 1.0 +0.30 Maeder no off - - - - - -
M310MDd 3 · 10
10
2 5 0.5 1.0 +0.30 Maeder no on this work 0.01 off - - -
M11 10
11
3 10 0.4 0.9 +0.33 Franc¸ois no off - - - - - -
M11d 10
11
3 10 0.4 0.9 +0.33 Franc¸ois no on this work 0.03 on - - -
M12 10
12
10 20 0.2 0.7 +0.39 Franc¸ois no off - - - - - -
M12d 10
12
10 20 0.2 0.7 +0.39 Franc¸ois no on this work 0.01 on 2 · 10
3
0.049 mod
M12MDd 10
12
10 20 0.2 0.7 +0.39 Maeder no on this work 0.01 on 2 · 10
3
0.049 mod
M12dcaseA 10
12
10 20 0.2 0.7 +0.39 Franc¸ois no on this work 0.01 on 2 · 10
3
0.049 5x
M12dcaseB 10
12
10 20 0.2 0.7 +0.39 Franc¸ois no on this work 0.01 on 4 · 10
3
0.049 mod
M12dcaseC 10
12
10 20 0.2 0.7 +0.39 Franc¸ois no on this work 0.01 on 8 · 10
3
0.049 mod
M12dcaseD 10
12
10 20 0.2 0.7 +0.39 Franc¸ois no off - 0.01 on 1 · 10
8
0.49 mod
Mlum: galactic mass at wind time. Reff : effective radius. ν: star formation efficiency. τ : infall time scale. tgw:galactic wind time.
[< Mg/Fe >∗]: the mean stellar Mg to Fe abundance ratio at wind time. recipe: dust recipe shown in Table2.1. τ0: dust accretion
efficiency. MBH,seed: mass of the black hole seed. τBH : black hole growth time scale. The values for tgw and [< Mg/Fe >∗] refer
to the central regions of the galaxy. These values are determined only byMlum (and hence ν and τ ). At each given mass models differ
by C, O and N yields - fiducial, Maeder (1992) and primary production, respectively - dust (on/off, prescriptions for stellar dust, τ0
and QSO dust production). The BEL metallicity is the metallicity of the gas out of which the QSO dust forms: mod refer to a model
self-consistently calculated metallicity, 5x is for the case in which the adopted metallicity is 5 times higher than the average mod one.
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4.3 Overall results
The main parameters of the model are shown in Table 4.1. In particular, the
model mass is uniquely associated to effective radius Reff , star formation efficiency ν,
infall timescale τ . These quantities set the predicted time for the occurrence of a wind and
the average [Mg/Fe] in the stars. These last two values are for the central (0− 0.1Reff ),
because observations typically constrain [Mg/Fe] in such a region. The adopted empirical
relation between ν, τ and the galaxy mass is motivated by our previous works (e.g. Pipino
& Matteucci, 2004). For each model mass, we will then consider cases where the C and O
yields are taken from Maeder (1992), the N yields include primary production in massive
stars, as well as different dust recipes. These prescriptions, however, do not affect the
galactic wind timescale and the SFR. Here we briefly mention some general properties
of the models, such as the star formation histories (which comply with downsizing, e.g.
Thomas et al., 2005), the dust masses and the abundance ratio evolution. In Pipino &
Matteucci (2004) the mean formation redshift of the model galaxies was constrained to
the observed ages (inferred from optical line-strength indices) and the mean colours at
a given mass. For the purpose of this Chapter, we leave the formation redshift free in
order to find the best fit to the single objects that we try to reproduce.
4.3.1 Star formation rates
Fig. 4.1 shows the predicted SFR for our model galaxies summed over the shells
and truncated at the average tgw. It is worth noting that the average value of tgw is
lower than that calculated for the inner regions and reported in Table 4.1. The reason is
that, in the adopted framework, elliptical galaxies form outside-in (e.g. Martinelli et al.
1998; Pipino & Matteucci 2008), hence a wind develops first in the outskirts, whereas
the innermost regions are still experiencing star formation (and QSO growth). The star
formation efficiencies have been chosen to reproduce the observations - including those
in local ellipticals - and are not considered as free parameters in the remainder of the
Chapter. As discussed also in Matteucci & Pipino (2002) and it is also clear from Fig. 4.1,
as far as the SF histories are concerned, a model with mass in the range 10
10−1011M
⊙
is
the only one which must be compared to LBG MS1512-cB58, whereas the most massive
galaxy should be compared to the host of the QSO J1148+5251. In particular, the star
formation rate evolution in Fig. 4.1 shows the Star formation downsizing
3
, namely that
massive galaxies have more efficient star formation with a shorter duration than less
massive galaxies.
4.3.2 Dust masses
The evolution of the dust mass, of the dust-to-gas ratio and of the dust-to-
metallicity ratio are shown in Figs. 4.2, 4.3, and 4.5, respectively. A dust mass-galaxy
mass relation, namely that dust content is higher and increases faster in more massive
3For more conceptions of downsizing see Fontanot et al. (2009a) and references therein.
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Fig. 4.1 The predicted star formation rate as function of galactic age for the model
galaxies. Note that the setup for the dust and adopted yields do not modify the predicted
star formation rate. Therefore each line in the plot is representative of all models with a
given mass. The horizontal lines correspond to a SFR=40M
⊙
yr
−1
, which is the estimated
value for MS 1512-cB58(Pettini et al. 2002), and to SFR=3× 103M
⊙
yr
−1
, which is the
value inferred for J1148+5251, respectively.
galaxies, is evident. A linear regression analysis yields the following relations
Log(Mdust,peak/M⊙) = 0.98(LogMlum/M⊙)− 2.75 (4.1)
when the dust mass at the peak is considered, whereas
Log(Mdust,05/M⊙) = 1.07(LogMlum/M⊙)− 4.01 (4.2)
after 0.5Gyr of evolution. Such a relation stems from the SFR-mass relation in Fig. 4.1
and it is likely to present a redshift evolution similar to the observed one in the mass-
metallicity relation (Maiolino et al., 2008). This is a clear and novel prediction of our
set of models. Future observations can provide a confirmation of this picture. For the
3 · 1010M
⊙
mass case we also show the dust mass which would be obtained by using
the prescriptions by Calura et al. (2008, thin solid line) compared to a model with
same mass, but the new prescriptions for the dust (dotted line). This latter model will
be considered the fiducial case to study the galaxy MS 1512-cB58. The Calura et al.
prescriptions yield a faster and earlier increase in the dust mass, due to the larger δ
II
i
. At
later times, however, the effect of the stronger destruction term hampers further increase
in the dust mass as opposed to the model with the new prescriptions. The implications
of such a different behavior will be further discussed below by means of the chemical
abundance ratios. Shown in Fig 4.5, the dust mass to metallicity is roughly a constant
after 0.5 Gyr, since the metallicity does not dramatically increase at that phase. Shown
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in Fig 4.5, the dust mass to metallicity before the wind time of each models is roughly
a constant (within a factor of 5 for most models), when the metallicity reaches a certain
value (like Z > 0.005). Only 10
12
M
⊙
model shows the variety of dust mass to metallicity
up to a fact of 10. This is caused by the dramatically evolution of dust mass (see Fig
4.2). However, the dust mass to metallicity ratios are quite different (up to a factor of
1000) among different massive models. The more massive galaxy has a larger dust mass
to metallicity ratio with the same metallicity.
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Fig. 4.2 The evolution of the dust mass in the galactic models.
4.3.3 Abundance ratios in the gas
The different timescales of the enrichment processes for α − elements (massive
star ending as SNe II), and iron (dominated by intermediate mass stars in binary systems
ending as SNe Ia) imply an enrichment delay of iron and this explains the evolution of all
curves in Fig. 4.6 (upper panel). If we then compare the various models in Fig. 4.6 (upper
panel) we can see the effect of downsizing very well. Due to the relation between star
formation efficiency ν, infall time scale τ and the total luminous massMlum mentioned in
Chapter 2, we predict that the [Mg/Fe] ratio in the gas out of which stars form is higher
for more massive galaxies. This ensures the fit of the [α/Fe] versus mass for ellipticals,
as shown by Pipino & Matteucci (2004). Moreover (Fig. 4.6, lower panel), the increase
in the [X/H] with time is much faster and saturates at higher (over-solar) values in the
more massive galaxies than in low mass ones. This ensures that, despite more massive
galaxies have less time to convert gas into stars, they do it more efficiently than lower
mass systems, thus reproducing the mass-metallicity relation that we observe in the stars
of local ellipticals, namely a increase of a factor of ∼3 in the metallicity in the mass range
10
9 − 1012M
⊙
. Until recently, only the mass-stellar metallicity relation (e.g. Thomas et
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Fig. 4.3 The evolution of the dust to gas ratio in the galactic models.
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Fig. 4.4 The dust mass to metallicity ratio as a function of galactic age in the galactic
models.
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Fig. 4.5 The evolution of the dust mass to metallicity ratio as a function of metallicity
in the galactic models.
al., 2005) could be measured, namely a relation that is inferred from the integrated light
of local ellipticals. While important in constraining the galaxy formation process, such a
measure reflects an average metallicity and, hence, does not allow to capture the details
of the star formation histories as opposed to the study of the, e.g., O/H ratio versus
time. Very recent observations (e.g. Maiolino et al., 2008), provided the opportunity to
directly compare model predictions with gas abundances of z∼3 star forming galaxies.
Indeed Calura et al., (2009) find that the observed mass-gas metallicity relation at such
high redshift can be explained only by models of elliptical galaxy progenitors as the ones
studied here. Here we do not repeat the analysis. Moreover, we show all the models
as if they were forming at the same time. In principle, both panels of Fig. 4.6 can be
used as a diagnostic plot for high redshift galaxies: the measurement of the chemical
abundance of one element which is not easily dust depleted (like O) and the abundance
ratio of two elements which have very similar condensation efficiencies (like Mg and Fe)
can immediately tell the age and the mass of the galaxy as well as the past SF history,
hence the likely morphology at z=0.
Finally, we show the [N/Fe] (Fig. 4.7) and [N/O] (Fig. 4.8) ratios as a function of
the metallicity for galaxies of differing masses. The predictions are made for models with
(right panels) and without dust (left panels). Here we anticipate from the Chapter 6 the
observed values in the galaxy MS 1512-cB58, since they represent a valuable reference
point to guide the eye. These data are taken from Teplitz et al. (2000) (Red Cross,
T data, emission lines), Pettini et al. (2002) (Black Square, P data, absorption lines).
Only the Pettini et al. data have been used as constraint in our previous works. Here
we assume that the two datasets limit the observed region and the [N/Fe] from Pettini
et al. as a lower limit which must be necessarily reproduced by the models. From a joint
analysis of Figs. 4.7 and 4.8 we infer that only models with mass lower than 3 · 1010M
⊙
predict the [N/Fe] within the observed range at [Fe/H]=-1.15. On the other hand, only
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Fig. 4.6 The predicted [Mg/Fe]-[Fe/H] relation for models with different masses (upper
panel) and the evolution of the metallicity in terms of the O abundance (lower panel).
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models with mass larger than 3 · 1010M
⊙
predict values for the [N/O] ratio consistent
with observations. Therefore, in agreement with what has been inferred from the SFR
analysis (Fig. 4.1), we will focus on a 3 · 1010M
⊙
model to study the galaxy MS 1512-
cB58. For this model, the predictions based on the Calura et al. (2008) prescriptions
are also shown. Since N is not depleted into dust and O has a very small depletion,
both the new and the Calura et al. prescriptions lead to basically identical results in
Fig. 4.8. On the other hand, the change is more evident in Fig. 4.7. As seen above, in
fact, the Calura et al. prescriptions give more dust at earlier times with the net effect of
increasing the predicted [N/Fe] ratio by 0.3 dex. At [Fe/H]∼ −1.15, nearly 50% of the
Fe is locked into dust following the Calura et al. prescriptions, whereas the fraction is
only 12% with the new ones.
Here it is worth mentioning that [Fe/H] = -1.15 is attained at 0.05 Gyr in model
M11, and at 0.15 Gyr in the M10 case. In other words, at a fixed metallicity [Fe/H]
= -1.15, the model M11 has [N/H]< −2, whereas the model M10 has [N/H] ∼ −0.8,
hence a much higher [N/Fe]. This happens because the smaller galaxy takes a longer
time to attain the same metallicity. A similar explanation holds for the [N/O]-[O/H]
diagram. It can be shown that this is a consequence of assuming ν increasing with mass
(i.e.the downsizing), whereas, if one assumes that ν decreases with mass as in the original
monolithic collapse model by Matteucci & Pipino (2002a), more massive galaxies will
exhibit systematically higher [N/O] values than low mass ones at a fixed [O/H] (see, e.g.,
Figs. 2 and 4 in Matteucci & Pipino, 2002). Such a difference in the mass dependence of
the predicted abundance ratios trends with metallicity is a non trivial effect of downsizing
that, to our knowledge, has not been shown elsewhere and still awaits confirmation by
observations.
We remind the reader should that the uncertainties in the stellar yields (e.g. Ro-
mano et al., 2010) affect the galaxy properties, e.g. the age, that we infer when comparing
models to observations and indeed it is difficult to assign a quantitative measure (i.e. an
error) to this effect. For instance, since low mass models have a subsolar gas metallicity
for most of their evolution, we expect a negligible impact of the mass-loss dependent O
yield which seem to be required to explain the abundance pattern in metal rich systems
as the Galactic bulge McWilliam et al. (2008); Cescutti et al. (2009). Indeed, as it can
be seen from Figs. 4.6 and 4.7, a 3 · 1010M
⊙
mass model which differs from the fiducial
case only for the C and O yields, modified according to Maeder (1992), does not predict
any significant departure in the abundance ratios in the metallicity regime which is
relevant for our study. We do see, however, a ∼0.2 dex lower O abundance (lower panel
of Fig. 4.6) with respect to the fiducial case at times later than ∼0.6 Gyr. This happens
when the metallicity exceeds the solar value (∼8.7 - Asplund et al., 2005 - in the units
used in the figure) and the strong mass loss in the Maeder (1992) yields does not allow
the O abundance to increase further. We will see that this is not the case for the most
massive and metal rich objects in Chapter 5 In the next section we show some examples
of modifications to N yields. Here we note that not only the yields, but also the prescrip-
tions for binary stars which explode as SNIa may affect our results. We checked that,
given the relatively short time needed to attain [Fe/H]∼-1.2 in the models, most of the
Fe has been produced by SNII and changes in the SNIa prescriptions do not really affect
the predicted abundance ratios. This can be easily verified by looking at the upper panel
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of Fig. 4.6: all the models are still in the plateau phase. Therefore the results in this
age/metallicity regime that we will present in Sect. 6 are robust against changes in the
SNIa prescriptions. However, we expect more relevant effects at later ages/larger [Fe/H].
Adopting recent observationally motivated prescriptions for both prompt and late SNIa
as in Mannucci et al. (2006), the changes in the abundance ratio evolution as a function
of [Fe/H] are minimal (c.f. Fig. 8 in Matteucci et al., 2006). If instead, one assumes the
Double-Degenerate scenario (Iben & Tutukov 1984) as opposed to the Single-Degenerate
one adopted here, recent work by Greggio (2005) and Valiante et al. (2009a) show that
the expected number of SNIa event in the former case, and hence the Fe produced, is
much lower than in the latter. Note that, in order to make a meaningful comparison, all
the different channels must be constrained to reproduce the observed present-day SNIa
rate.
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Fig. 4.7 The predicted [N/Fe]-[Fe/H] relation for models with different masses (with and
without dust: left and right panel, respectively). Data for MS 1512-cB58 are taken from
Teplitz et al. (2000) (Red Cross, T data), Pettini et al. (2002)(Black Square,P data).
4.3.4 Abundance ratios in the dust
Finally, in Fig. 4.9 we show the predicted abundance ratios in the dust.
The high [Mg/Fe] and [Si/Fe] are easily explained by the fact that Mg, Si and Fe have
similar condensation efficiencies, therefore the abundance ratios in the dust mirror those
in the gas. On the other hand O - the dominant metal in the gas - is underabundant with
respect to Fe in the dust. In passing, we note that the trend in the dust [Mg/Fe], [Si/Fe]
and [O/Fe] ratios versus [Fe/H] does not significantly with the galaxy mass. We stress
that these are actual predictions of the models which await observational confirmation
and, if so, will help in understanding the abundance pattern in high redshift galaxies.
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Fig. 4.8 The predicted [N/O]-[O/H] relation for models with different masses (with and
without dust: left and right panel, respectively). [N/O] for MS 1512-cB58 are taken
from Teplitz et al. (2000) (Red Cross, T data), Pettini et al. (2002)(Black Square, P
data). [O/H] is from Teplitz et al. (2000)
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Fig. 4.9 Predicted abundance ratios in the dust as function of [Fe/H] for a galaxy of
3 · 1010M
⊙
(Model M310d).
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4.4 Conclusions
In this Chapter we have studied the evolution of several chemical elements (C, N,
O, Si, Mg, Fe) both in the gas and in the dust in elliptical galaxies of different masses
(from 10
9
M
⊙
to 10
12
M
⊙
). Our aim was to study the evolution of gas and dust at high
redshift and the effect of different environments. We assumed that dust is produced
in: i) SNe II, ii) SNe Ia, iii) AGB stars and iv) QSOs. We took into account also dust
destruction and accretion. These models will help up-coming observations of distant
objects in quantifying their morphologies, past SFR and mass by means of abundances
and abundance ratios, as well as the role of the dust in the measurement of the above
quantities. In particular, our general predictions are that:
• The star formation downsizing implies that at [Fe/H]< −1 the most massive
objects have lower [N/Fe] ratios than the lower mass ones, irrespective of the
presence of dust. The same is true for the [N/O] ratios in a broader range of
metallicities.
• A dust mass-stellar mass relation exists, with more massive galaxies attaining a
higher dust content at earlier time. Therefore, the expected evolution is similar to
the observed high redshift evolution of the mass-metallicity relation.
• The dust mass-metallicity ratio of each galaxy evolves as a function of time and
is roughly a constant after 0.5 Gyr. It is roughly a constant (within a factor
of 10) after the metallicity reach Z=0.005 for individual galaxy. The difference
of dust mass-metallicity ratios is up to a factor of 1000 among different massive
galaxies with the same metallicity. The more massive galaxy has a larger dust
mass-metallicity ratio with the same metallicity.
These predictions await confirmation from future observations. In order to test
the model we compared our results for the highest mass limit with QSOs in Chapter 5
and the lower mass galaxies with LBG galaxies in Chapter 6.
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Chapter 5
The nature of QSO and long-GRB host galaxies
from chemical abundances
5.1 Introduction
Thanks to their high luminosities, Gamma-ray bursts (GRBs) and Quasistellar
objects (QSOs or quasars) can be observed at very high redshift. They offer the possibil-
ity of investigating the formation and evolution of galaxies in the early universe. These
objects draw out many interesting questions which are needed to be answered: 1) How
could a QSO host galaxy hold so many dust and show solar or higher metallicities at
redshift z > 4? 2) Which kind of galaxy could hold that QSO? 3) What kind of galaxy
could hold Long GRBs (LGRBs)? 4) Is there an evolutionary sequence between the low
and high redshit LGRB hosts? In this Chapter
1
, we will try to answer these questions
by means of the chemical evolution models.
QSOs are now believed to be a compact region in the center of a massive galaxy
surrounding its central supermassive black hole. The QSO is powered by an accretion
disc around the black hole. While there is a scientific consensus that QSOs and other
active galactic nucleus can be described by a unified model (e.g. see reivews in Antonucci
1993; Urry & Padovani 1995), many questions still open for QSO environments and its
host galaxies. Particularly, we are interesting in the challenging observational evidences:
i) There is growing evidence from both the emission and intrinsic absorption lines that
QSO environments have roughly solar or higher metallicities out to redshifts z > 4, and
ii) There is a large amount of dust estimated from the high FIR features of QSO host
galaxies (e.g. see reviews in Hamann & Ferland 1999; Maiolino et al. 2006).
The chemical abundances in QSOs are measured either from the broad line region
(BLR) or from the narrow line region (NLR). The BLR traces a region of very small
size (of the order of parsecs) around the QSO, whereas the NLR extends on sizes (of
the order of kpc) comparable to the size of the host galaxy. The most remarkable facts
about abundances in QSOs are: i) most of QSOs show oversolar metallicities, even at
very high redshift(z > 4) (Maiolino et al. 2006) ii) the lack of evolution in the QSOs
metallicities in a redshift range 2 < z < 4.5 for both BLR and NLR (e.g. Nagao et al.,
2006a, 2006b, Matsuoka et al., 2009, Juarez et al., 2009). The most reasonable conclusion
from this is that the host galaxies of QSO formed at very high redshift and evolved very
fast due to a very intense star formation which produced a lot of metals by means of
SNe II. Therefore, over-solar metallicities are attained on timescales of hundreds of Myr
and after that the metallicity cannot increase anymore since the host galaxies lose their
1This Chapter is partly based on Fan et al. (2010) and Pipino et al. (2011)
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residual gas by means of galactic winds (Matteucci & Padovani 1993). However, Juarez
et al. (2009) suggested that the lack of evolution can be due to selection effects.
Many high redshift (z > 5) QSO hosts show a very high FIR luminosity ∼ 1013L
⊙
.
A large amount of dust (∼ 108M
⊙
) can be derived from the empirical relation be-
tween FIR luminosity (our some fluxes in FIR) and dust mass. Particulary, the QSO
J1148+5251, which is at z ≃ 6.4 (Bertoldi et al. 2003b; Iwamuro et al. 2004), host dust
mass Mdust ranges from 2 · 10
8
M
⊙
to 7 · 108M
⊙
(e.g. Bertoldi et al. 2003a; Robson et al.
2004; Carilli et al. 2004; Beelen et al. 2006). According to the classical scenario dust
is mostly formed in the envelopes of AGB stars (and late giant in general) which take
about 1 Gyr to evolve Morgan & Edmunds (2003); Marchenko (2006). As a consequence,
little dust is expected to be present at z > 5, when the universe was younger than 1 Gyr.
Although many efforts have been spent on the sources of the dust in high redshfit QSO
hosts, it is still under debate (e.g. Maiolino et al. 2004; Dwek et al. 2007; Valiante et al.
2009b; Pipino et al. 2011; Valiante et al. 2011; Gall et al. 2011c).
In Sect. 5.3, we will use the elliptical chemical evolution models (Pipino et al.
2011) to reproduce the large amount of dust and many other observational properties of
QSO hosts. The possible dust sources and their contributions to total dust mass will be
discussed in details. The abundance ratios of NLRs in QSOs will be interstage by the
same model which can reproduce the dust mass in QSO hosts.
Gamma-ray bursts (GRBs) were one of the most energetic events after the Big
Bang. They can be detected back to the onset of reionization (e.g., Greiner et al. 2009;
Salvaterra et al. 2009; Tanvir et al. 2009) due to their brightness in the first few hours
after the explosion (Lamb & Reichart 2000). Long GRBs (LGRBs) (T90 & 2) are tran-
sient sources followed by long-lasting afterglows emitting energy intensely across the full
range of the electromagnetic spectrum. They are effective and informative probes of
many aspects of astrophysics, such as cosmic star-formation rate (SFR) (Kistler et al.
2009), cosmic dust (Liang & Li 2009), galaxy properties (Castro Cero´n et al. 2008), and
interstellar medium (ISM) properties (Levesque et al. 2010a). Whether the properties of
LGRB progenitors depend or not on metallicity is a key issue in understanding the obser-
vations. Low metallicity is indicative of a less evolved galaxy, usually of low stellar mass,
high gas-to-stellar mass ratio, and low luminosity. LGRB progenitors are understood to
be low-metallicity massive core-collapse stars (Woosley 1993; Woosley & Heger 2006a;
Yoon et al. 2008) observed in association with supernovae (SNe) Ib/c, which in turn o-
riginate in massive stars and therefore reside in active star-forming regions (e.g. Galama
et al. 1998; Hjorth et al. 2003; Pian et al. 2006; Woosley & Heger 2006b). However,
this low-metallicity progenitor channel is challenged by so-called “dark” LGRB (LGR-
B051022 and LGRB020819) associated with a high-metallicity environment (Graham
et al. 2009; Levesque et al. 2010b).
Different systems are selected by different methods from high to low redshift. Two
kinds of LGRB associated systems are selected: LGRB host galaxies at low redshift and
LGRB-associated damped Lyman-alpha systems (LGRB-DLAs) at high redshift. LGRB
host galaxies have been studied by several authors using observational data (e.g. Chary
et al. 2007; Micha lowski et al. 2008; Castro Cero´n et al. 2008; Levesque et al. 2010a;
Savaglio et al. 2009; Wolf & Podsiadlowski 2007, among others) and simulations (e.g.
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Mao 2010; Chisari et al. 2010; Campisi et al. 2009; Calura et al. 2009; Lapi et al. 2008;
Nuza et al. 2007, among others). All these results find that at low redshift (z < 2), the
typical hosts of LGRB are small, star-forming, low-metallicity irregular galaxies.
At high redshift (z > 2), as for QSO-DLA systems (log NHI > 20 cm
−2
), the
LGRB-DLAs are observed (e.g. Jakobsson et al. 2006; Prochaska et al. 2007b; Fynbo et al.
2009). The nature of DLAs remains a matter of debate. The DLAs in QSO spectra are
assumed to form in the ISM of galaxies located in front of the QSO. The high luminosity
of the QSOs usually makes it difficult detect the DLA galaxies directly. The hypothesis
that these DLAs are the progenitors of present disk galaxies (Wolfe et al. 1986; Naab &
Ostriker 2006) is challenged by the low metallicity ( ≃ 1/100Z
⊙
) of DLAs and the flat
age-metallicity relation of disk stars (the disk is rapidly enriched to ≃ 1/3Z
⊙
) (Akerman
et al. 2004; Pettini 2006). Using detailed chemical evolution models, Calura et al. (2003,
2009) investigated the nature of DLAs and suggested that the majority of them, including
the LGRB-DLAs, may be either spiral disks observed at large galactocentric distances,
irregular galaxies such as the LMC, or starburst dwarf irregulars observed at different
times after the last burst of star formation. On the other hand, massive elliptical galaxies
are unlikely to be DLA systems even at very high redshift owing to their intensive
quick enrichment, which produces high [α/Fe] ratios, that is inconsistent with the data
observed for DLAs. However, among the identified high redshift DLA host galaxies, one
DLA host galaxy is a luminous Lyman-break galaxy (DLA 2206-19A, Møller et al. 2002).
By comparing the luminosity functions of DLAs and LBGs, Wolfe (2005) concluded that
there is a significant overlap between the DLA and LBG populations. Fynbo et al.
(2008) compared the metallicity distributions of LGRB-DLAs and LBGs. Their results
support the hypothesis that LGRB-DLAs could arise from a population of LBGs that
are not heavily obscured. LBGs are understood to be small young star-forming ellipticals
(Matteucci & Pipino 2002b; Pipino et al. 2011). Additionally, Zwaan et al. (2005) showed
that in the local universe the luminosity distribution of galaxies producing DLAs is nearly
flat from MB ≈ −20 to MB ≈ −15, which implies that the DLA host galaxies should
belong to a complex population (a single type population could not span such a wide
luminosity range). It is normally unknown in which region of the galaxy the line of sight
from the QSO and LGRBs intersect the ISM of the galaxy. Prochaska et al. (2007a)
argued that LGRB-DLAs preferentially probes denser, more depleted, higher metallicity
gas located in the inner few kpc of the ISM compared to QSO-DLAs. This idea is
supported by the distribution of Hi column densities for GRB absorbers produced using
a high resolution simulation of galaxy formation (Pontzen et al. 2010). In principle, it
should be possible for high-redshift LGRB-DLAs to be a phase of low-mass star-forming
ellipticals, which is what we test in this Chapter.
In Sect. 5.4, we will use the most recently observed abundances of the LGRB-
associated systems, LGRB-DLAs at high redshift and LGRB host galaxies at low redshift,
to try to determine: i) which galaxies are the hosts of LGRBs? ii) whether the LGRB-
associated systems represent an evolutionary sequence, i.e., whether the same objects at
low and high redshift are just seen at different phases of their evolution? To do this,
we adopt updated chemical evolution models for galaxies of different morphological type
that reproduce the properties of galaxies (Pipino et al. (2011) for ellipticals, Yin et al.
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(2011) for irregulars and spirals), and compare our predicted chemical abundances with
the observed ones.
This Chapter is organized as follows: in Sect. 5.2, we describe our galaxy for-
mation scenario; in Sect. 5.3 and Sect. 5.4 we investigate the properties of QSOs and
LGRB hosts, respectively; and our summary and conclusions are drawn in Sect. 6.4.
5.2 Galaxy formation scenario
We now summarize our adopted galaxy formation models for galaxies of differ-
ent morphological type. We direct the reader to Chapter 2. (ellipticals) and Yin et al.
(2011) (irregular and spirals) for equations and related details. Galaxies of different mor-
phological type have different star formation histories (Matteucci 2001). Different star
formation histories produce different abundance ratios, particularly in terms of [α/Fe]
as a function of [Fe/H], while other properties may not show such large differences, such
as metallicity and stellar mass at high and low redshift, respectively (see below).
The elliptical models for QSOs take into account dust, since reproducing the dust
mass is the main task. All the models for LGRB hosts do not take into account dust,
since all abundance ratios data have already taken into account the dust correction.
5.2.1 Ellipticals
The elliptical galaxies are assumed to evolve following an instantaneous mixing
of gas but not according to the instantaneous recycling approximation, i.e., we take into
account stellar lifetimes. The model we adopt is similar to that described in Chapter 2.
except that we do not consider the dust production and evolution for LGRB hosts. This is
because here we compare our results only with extinction-corrected data (Savaglio 2006;
Savaglio et al. 2009; Levesque et al. 2010a), assuming that their dereddenings are reliable
(but see Li et al. 2008). The initial conditions for ellipticals allow formation by either
collapse of a gas cloud into the potential well of a dark matter halo or, more realistically,
the merging of several gas clouds. In any case, the timescale for both processes, τ ,
should be short (< 0.5 Gyr), so that the ellipticals form in a short time. The rapid
collapse triggers an intense and rapid star-formation process, which can be considered as
a starburst that lasts until a galactic wind, powered by the thermal energy injected by
stellar winds and SN (Ia, Ibc, II) explosions, occurs. At that time, the thermal energy
is equivalent to the binding energy of gas, and all the residual gas is assumed to be lost.
Numerical simulations have demonstrated that a reliable assumption is that no more
than 20% of the total blast-wave energy of supernovae should be used to thermalize the
gas (Pipino & Matteucci 2004). The galactic wind develops outside-in, and after the
wind the star formation stops. Therefore, in this picture the outer regions of ellipticals
cease the star formation before the inner regions. After that time, the galaxies evolve
passively. An important assumption is that the efficiency of star formation, namely the
SFR per unit mass of gas, increases with galactic mass: this scenario can explain the
chemical downsizing (for this definition of downsizing, see Cowie et al. 1996), namely that
more massive ellipticals have larger [α/Fe] ratios in their dominant stellar populations
than smaller ellipticals, as shown by Pipino & Matteucci (2004). In principle, to explain
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the increase in the [α/Fe] ratio one could assume a variable initial mass function (IMF)
becoming flatter with increasing galactic mass, or a dry-merger scenario (Bell et al.
2006), but in both of these cases other observations are violated. For instance, a top-
heavy IMF is inconsistent with the mass-luminosity relationship (Padovani & Matteucci
1993; Matteucci & Padovani 1993), while the dry-merger scenario can reproduce the
downsizing in [Mg/Fe]-mass relation but not the mass-metallicity relation and viceversa
(see Pipino & Matteucci 2008). One can certainly propose a selective metal loss (e.g.
Fe should be lost more easily than Mg in the more massive galaxies) mechanism in any
scenario to fit this chemical downsizing, but this assumption has no a physical basis (see
Matteucci et al. 1998). In this Chapter, we adopt a Salpeter (1955) one-slope IMF and
the same stellar yields as in Pipino et al. (2011). In particular, for massive stars we
adopt the yields suggested by Franc¸ois et al. (2004), for the low and intermediate mass
stars the yields of van den Hoek & Groenewegen (1997), and for SNe Ia the yields of
Iwamoto et al. (1999) (model W7). Finally, the assumed SFR is a Schmidt (1959) law
that is linearly dependent on the gas density.
5.2.2 Spirals and irregulars
Spirals and irregulars are galaxies harboring either recent or active star formation
activity. At variance with elliptical galaxies, a slow and continuous star formation regime
is assumed in spirals and irregulars. In the irregular galaxies, the efficiency of star
formation is assumed to be lower than in spirals, an assumption that has been proven
to be correct.
Following the work of Yin et al. (2010, 2011), we build a one-zone model for
irregulars, and assume that the galaxy is built up by continuous infall of primordial gas
until a given mass is accumulated. For the spiral disks, we develop the same model as
for irregulars but with higher star formation efficiency (SFE) and higher luminous mass.
As suggested by Calura & Matteucci (2006), the main properties of local galaxies of
different morphological type could be reproduced mainly by decreasing the star formation
efficiency from early to late types. Therefore, we assume for spirals and irregulars a
continuous SFR with SFE lower than the one used for ellipticals (ν ≃ 3 − 22 Gyr−1),
e.g ν ≃ 1 Gyr−1 for spirals and ν ≃ 0.1 − 0.05 Gyr−1 for irregulars . The irregulars
are assumed to assemble by infall of gas on a relatively short timescale (τ ∼ 1 Gyr)
and the infall mass is assumed to be 5× 109M
⊙
for all models, whereas the spiral disks
are proposed to form by means of a slower accreting process (τ ∼ 7 Gyr) and the total
infall mass is 10
11
M
⊙
. Galactic winds triggered by SNe are also considered in the same
way as for ellipticals. According to the different SFE in each model, and consequently
different SN feedback, the galactic wind develops at different times in different models,
which then end up with different final stellar masses.
Therefore, the main difference between models for galaxies of different morpholog-
ical type in is the efficiency star formation, which is higher in more massive, early-type
objects, and consequently whether a galactic wind occurs and when.
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5.3 Quasars
5.3.1 Observational data
A non-negligible amount of dust exists in QSO and the different extinction curve
between QSOs and local galaxies are challenges for models. We are interested in repro-
ducing the chemical and dust mass properties of QSOs by means of a model for a very
massive spheroid evolving very fast. Here, We concentrate on the quasar J1148+5251,
which is at z ≃ 6.4 (Bertoldi et al. 2003b; Iwamuro et al. 2004), and is one of the most
distant QSOs detected (Fan et al. 2003). This object is only 375-800 Myr old. Using the
FIR luminosity FFIR ∼ 10
13
L
⊙
, the estimated dust mass Mdust ranges from 2 · 10
8
M
⊙
to 7 · 108M
⊙
(e.g. Bertoldi et al. 2003a; Robson et al. 2004; Carilli et al. 2004; Beelen
et al. 2006). Several studies (Barth et al. 2003; Maiolino et al. 2006; Becker et al. 2006)
indicate a near solar metallicity in the quasar host. SDSS J1148 shows a bolometric lu-
minosity of Lbol = 10
14
L
⊙
powered by accretion onto a supermassive black hole (SMBH)
of mass 1-5 ·109M
⊙
(Willott et al. 2010; Barth et al. 2003). The estimated SFR of the
host galaxy is ∼ 3 · 103M
⊙
yr
−1
(Bertoldi et al. 2003b; Carilli et al. 2004). Several other
high redshift quasars are now detected at submillimeter wavelengths (Priddey et al. 2003;
Wang et al. 2008, and references therein), which indicate the presence of dust grains in
excess of 10
8
M
⊙
.
Recent data on NLR can be found in D’Odorico et al. (2004). They derived the
abundances of C, N and α−elements from the NLR of six QSOs. We will also use these
data for comparison with our models.
5.3.2 Results and discussion
5.3.2.1 Comparison to a QSO host
As suggested by chemical evolution models, only ellipticals could hold QSOs at
redshift z > 4, which show above chemical properties. In this section we apply our
elliptical model to the challenging case of the J1148+5251 host galaxy. In the first
place, we note that our model predicts a stellar mass of ∼ 1011M
⊙
and a gas mass of
∼ 1010M
⊙
within 2.5 kpc (i.e. 1/4 Reff ) in agreement with the observations within
the same aperture (e.g. Wang et al., 2010). The predicted BH mass at the onset of
the galactic wind is ∼ 2 · 109M
⊙
, as required by observations (e.g. Barth et al. 2003).
In the left panel of Fig. 5.2 we show the predicted dust mass as a function of galactic
age and compare it with the observed dust mass (shaded area). The model, which has
been calibrated on the LBGs and present-day properties of ellipticals, does reproduce
the necessary amount of dust mass at t ∼ tgw = 0.6 Gyr. The fact that the dust content
is even higher at earlier times is perhaps suggestive of the evolution from a relatively
long period of dust enshrouded star formation to a phase in which stellar + AGN driven
winds make the galaxy visible and the QSO shine. Similar conclusions can be derived
by using the predicted dust-to-gas ratio (Fig. 5.1).
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Fig. 5.1 The predicted dust to gas mass ratio as a function of galactic age for model
M12d (continuous line) compared to the observational range of data (shaded area).
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Fig. 5.2 left panel : Dust mass (Red solid line) as function of galactic age. The cumulative
contribution to the dust mass by SNIa, SNII, AGB and QSO (fiducial case)) as well as
the integral of the the dust growth and destruction are shown. The observed values are
given by the shaded area. The arrow shows the time at which we predict the conditions
for the galactic wind to occur in most of the galaxy. The model refers to a galaxy of
10
12
M
⊙
(model M12d). right panel: as above, in this case only the total dust and the
QSO contribution are plotted. The QSO fiducial dust production is compared to a case
in which we assume the metallicity of the dust forming regions 0.8 dex higher than the
average (Case A), and to two cases in which the relation between BH mass and stellar
mass is “super-Magorrian” (Cases B and C, see text). Finally, we present a model (Case
D) in which the QSO is fine-tuned to be the only source of dust.
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Fig. 5.3 Dust production rate of SNe Ia (left upper panel), SNe II(left lower panel),
AGB stars (right upper panel), QSO(right lower panel) as functions of galactic age for
different elements as indicated in the figure, for model M12d.
We now turn our attention to the details of the dust production. In Fig. 5.2 (left
panel) we also show the cumulative mass of dust produced by each single channel (in-
cluding the dust growth) as well as the total mass of dust destroyed. As it happens in the
solar vicinity (Calura et al. 2008), dust growth and destruction dominate at times larger
than 0.1 Gyr. The QSO production seems to be relatively unimportant. However, we
must stress that while SNII production stops and the dust growth is strongly suppressed
after the galactic wind, the QSO dust production rate should be at its maximum, as
shown in Fig. 5.3, at the time of the galactic wind. It is also important to stress that
the QSO dust should be confined to the very central regions of the galaxy, whereas the
dust ejected by SNe Ia and AGBs will be more diffuse, therefore the QSO is likely to be
the dominant source right after the galactic wind in the inner regions of the galaxy.
Although similarly high dust masses have been observed in other high redshift
QSOs (Beelen et al. 2006), J1148+5251is interesting because at its redshift in the favored
cosmology, the star formation, BH growth and dust production can be reproduced only
assuming a very fast evolution. Several other authors have attempted to reproduce the
observed dust mass: some (e.g. Dwek et al. 2007) claim that the host galaxy is too young
to have had any AGB contribution to the dust, whereas others (e.g. Valiante et al. 2009b)
claim that AGB stars are actually a viable channel. Moreover, the observed dust mass
might be consistent with QSO production (see Maiolino et al. 2006). However, it is
rather difficult to make detailed comparison between different models because of their
different assumptions.
For instance, Valiante et al. (2009b) do not consider dust growth, have a less
efficient destruction (since they do not take into account SNe Ia), but adopt much smaller
dust depletion efficiencies. Dwek et al. (2007) assumed that, owing to the young (< 0.5
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Gyr) inferred age of the host galaxy, only SNII contribute to the dust production and
neglected the role of AGB. According to stellar evolution theory, instead, intermediate
mass stars evolve out of the main sequence after just ∼ 30 Myr. Therefore, we argue
that Dwek (2007)’s assumption is too simplistic (see also Valiante et al. 2009b) and a
more detailed models of chemical evolution as the one used in this Chapter is required
to assess the AGB contribution. On the other hand, our fiducial model needs only 0.6
Gyr to reproduce dust, stellar, gas and QSO masses at the redshift (6.4) at which we
observe J1148+5251. Such a time lapse would imply a (maximum) formation redshift
of 13. This is the value that we adopt for our model, so that redshift 6.4 corresponds to
tgw. We note that the predicted dust mass for our fiducial model crosses the region of
the observed values in Fig. 5.2 also at earlier times (0.05 Gyr) which would imply - in the
current favored cosmology - a (minimum) formation redshift of 6.8. Finally, according
to Fig. 4.1, the predicted SFR crosses the observed value at ∼0.4 Gyr, hence implying a
formation redshift of ∼10.
In a sense, our predictions give lower limits to the QSO contribution, which can
be higher if either the BH “seed” is larger and pre-existing to the galaxy or the growth
is super-Eddington in the very early stages and quieter near the time of the galactic
wind. Such a situation is depicted in the right panel of Fig. 5.2, where the fiducial
QSO production (dot-dashed line) adopted here is compared to other cases to show
the sensitivity to our different assumptions. The main properties are summarized in
Table 4.1. Case A (solid line) shows the case in which we consider the metallicity of the
region where the QSO dust forms 0.8 dex higher than the mean metallicity predicted by
our model. This is because BLRs exhibit metallicities up to 10 times the solar value,
whereas our model predicts the average gas metallicity of the central zone to be twice
than solar. Such a change in metallicity increases the QSO dust mass by about one order
of magnitude. A similar change can be achieved if we take into account the fact that
the BH-to-stellar mass ratio is a factor of 2 higher at high redshift with respect to the
local one (Case B, dotted line, e.g. Walter et al. 2004; Maiolino et al. 2007; Lamastra
et al. 2010; Merloni et al. 2010; Wang et al. 2010, but see Willott et al., 2010). To take
into account the uncertainty in the BH-to-stellar mass ratio at high redshift, we make an
additional model in which this ratio is a factor of 4 higher than the local value (Case C,
light dot-dashed line). It is worth noting that in both Case B and C the final predicted
MBH is still consistent with observations, within the uncertainties. Finally, Case D is a
model in which we switch off the dust production from stars and assume that all the dust
seen at t ∼ tgw has been produced by the QSO. As it can be inferred from comparing
the fiducial model to cases A, B, C and D, even if the QSO is the only source of dust,
there will still be degeneracy between the accretion timescale, the initial BH seed mass
and the metallicity of the clouds where the dust forms. The purpose of model M12caseD
is, therefore, to give just an example and show that a QSO alone might produce enough
dust if, for instance, we start from a quite high seed mass (10
8
M
⊙
), while the accretion
timescale (0.49 Gyr) is 10 times longer than the adopted one in the fiducial case. Such
a situation mirrors the state of the art: the channels for dust production are many, and
their relative role cannot be constrained by using only the observed dust mass. The
predicted dust production rates for each element for each channel are shown in Fig. 5.3
for a galaxy of 10
12
M
⊙
.
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5.3.2.2 The QSO abundance ratios
D’Odorico et al. (2004) determined C, N and α-element relative abundances in the
gas surrounding six QSOs (from the NLR) at an average redshift of z ∼ 2.4, by studying
six narrow associated absorption systems in Ultraviolet Visual Echelle Spectrograph
(UVES) high-resolution spectra. They found five systems with a metallicity (measured
by C/H) consistent with or above the solar value. They also found a possible correlation
of [N/C] with [C/H] and an anticorrelation of [Si/C] vs. [C/H]. They suggested that
to explain such abundance ratios the chemical enrichment in the host galaxy had to be
very fast, not longer than 1 Gyr. This conclusion is in agreement with a previous work
by Matteucci & Padovani (1993) who reproduced the abundances measured in the BLR
of QSOs, in particular the oversolar Fe abundance and solar O abundance by means of
a model of a large elliptical suffering a strong burst of star formation. In particular, the
high [Fe/Mg] ratio claimed in some objects was interpreted as the value in the gas around
the QSO after star formation has stopped. In fact, in such a situation, α-elements are
no more produced whereas Fe and N, formed in low and intermediate mass stars, are
continuously produced, thus creating a situation where N and Fe are oversolar and the
α elements are solar. Our model predicts oversolar [Mg/Fe] for the dominant stellar
population and undersolar [Mg/Fe] in the gas after the galactic wind, in particular the
average ratios after the galactic wind in the gas are [Mg/Fe]∼-0.2 dex. That explains also
the almost constant metal content in QSOs at all redshifts and consequently the similar
metallicities found in BLR at high redshift and in NLR at lower redshift (e.g. Nagao
et al. 2006a,b; Juarez et al. 2009): most of the evolution in these objects has occurred
at very early epochs where SNe II produced most of the metals. After star formation
stopped due to either galactic winds Matteucci & Padovani (1993) or AGN feedback
Romano et al. (2002), the SNe Ia produced the bulk of Fe and low mass stars the bulk
of N which kept increasing for a while and then settled on a rather constant value due to
the decrease of Fe an N producers with time (no star formation takes place). In Fig. 5.4
we show our predictions (solid line) for [N/C] and [Si/C] versus D’Odorico et al.’s data.
There is good agreement with the observational trends. A marginal agreement (within
3σ) with the high [C/H] observed in QSOs (exceeding ∼ +1.4 dex) can be obtained only
by adopting the Maeder (1992) yields with mass loss from massive stars (dotted lines),
which allow the model to reach [C/H] values slightly larger than 0.8 dex. With normal
yields (e.g. Woosley & Weaver 1995) we would no go beyond [C/H]=+0.5 dex.
This result confirms that of Cescutti & al. (2009) who found that the Galactic
bulge high C abundances can be reproduced only by adopting yields from massive stars
with mass loss strongly dependent on metallicity.
5.4 LGRB hosts
5.4.1 LGRB data
The high-redshift LGRB-DLA data are inferred from the rest-frame ultraviolet
(UV) absorption lines. On the other hand, low-redshift LGRB host-galaxy data are
measured using the rest-frame optical emission lines of H ii regions. The absorption
lines in the UV and emission lines in the optical band have little overlap in terms of
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Fig. 5.4 Predicted and observed [N/C] and [Si/C] ratios versus [C/H]. The model refer
to an elliptical of 10
12
M
⊙
. In particular, the solid line refers to the fiducial case (model
M12d), whereas the dotted line gives the predictions in which the metallicity dependent
yield from Woosley & Weaver (1995) + Maeder (1992) are adopted (model M12MDd).
Data: NLR by D’Odorico et al. (2004).
wavelength, making the detection of LGRB-DLAs and LGRB host galaxies for the same
target particularly hard. In this section, we briefly summarize the observations used in
this Chapter.
5.4.1.1 Low redshift case: LGRB host galaxies
The properties of GRB host galaxies were studied by Savaglio et al. (2009) using
the largest sample studied to date (40 LGRBs in total 46 GRBs). Owing to the limitation
of measurements, 89% of the hosts are at z ≤ 1.6. In addition, all 14 LGRBs considered
in this Chapter for which [O/H] data are available, are at z < 1. Ten of them are studied
with more detailed optical emission-line diagnostics by Levesque et al. (2010a).
Morphology: The typical morphology of LGRB host galaxies remains unclear.
The typical observed hosts of LGRB are small, star-forming, low-metallicity galaxies.
But since there is no reason for LGRBs to assume any particular galactic morphology,
they should be, in principle, observed in galaxies of all morphological types. However,
by comparing the most faint observed star-forming LGRB host galaxies and the rapid
evolution of elliptical galaxies, we can deduce that any elliptical hosting a low-redshift
(z ≤ 2) LGRBs should be small (∼ 1010M
⊙
) and in its very early phase of formation.
This formation scenario is consistent with the model of Pipino et al. (2011), where we
suggested that the QSO hosts (∼ 1012M
⊙
) formed at z ∼ 8 and the LBGs (∼ 5×1010M
⊙
)
formed at z ≤ 4 implying that at higher redshift (z > 1) one could observe more massive
LGRB host elliptical galaxies. If this scenario were correct, we would observe a mass-
redshift relation for LGRB hosts.
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Star formation rates: The SFRs are inferred from either the rest-frame UV
(λ = 2800A˚) continuum luminosity, Hα flux, or other SFR calibrations (see data refer-
ences for details). The measured SFRs of the adopted samples span from 0.05 to 36.46
M
⊙
yr
−1
(Savaglio et al. 2009). Given the complex and uncertain SFR measurements,
here we adopt only the critical star-forming criterion, namely that SFR> 0, for the
LGRB host galaxies.
Stellar mass: The stellar mass can be estimated from observed multi-band
optical- near-infrared (NIR) photometry by performing spectral energy distribution (SED)
fitting Alternatively, the stellar mass can be estimated using an empirical relation, when
other parameters are available (Savaglio 2006). The Savaglio et al. (2009) results indi-
cate that the stellar mass of LGRB host galaxies are small (maximum M⋆ < 10
11
M
⊙
).
Because of the faintness of LGRB host galaxies, and the average observed stellar mass
(< M⋆ >= 10
9.3
M
⊙
) lower than field galaxies (Savaglio et al. 2009), we adopt 5×109M
⊙
as the typical infall mass of our fiducial model for irregulars. On the other hand, we
consider low mass elliptical galaxies and adopt 10
10
M
⊙
as the typical mass of our fiducial
model of low-mass ellipticals.
Metallicity: The metallicity (expressed as log(O/H)+12) was inferred from
extinction-corrected emission-line fluxes using R23, O3N2-metallicity relation, and auro-
ral [O iii] λ4363 diagnostics by Savaglio et al. (2009) and Levesque et al. (2010a). The
majority of the measured oxygen abundances are subsolar. However, two super-solar host
galaxies are reported (Levesque et al. 2010b; Graham et al. 2009). Those super-solar
metallicities challenge the assumption of a low metallicity threshold for LGRB progeni-
tors. As we later show, their hosts may be described by our spiral/irregular model with
SFE ∼ 0.1 (see Fig. 5.6). In this case, the hosts may be the disks of spirals.
5.4.1.2 High redshift case: LGRB-DLAs
The high-redshift GRB-DLA data are measured by the rest-frame UV absorption
lines detected in the optical afterglow spectra. Using the rest-frame UV absorption-line
column densities, one measures the cold gas-phase (T ≤ 1000 K) abundance, which is
valid if we assume negligible ionization corrections and that the dust extinction cor-
rections were appropriate . The observed abundances (e.g. Si, S, Fe) in LGRB-DLA
are subsolar, spanning from 1/100 to near solar (Savaglio 2006; Prochaska et al. 2007a;
Savaglio et al. 2009). Since Prochaska et al. (2007a) did not take into account the
dust-depletion correction, we adopted the data in Savaglio (2006).
In the literature (e.g. Savaglio 2006), by adopting one reliable element abundance
tracer and available dust-depletion corrections, the metallicity is generally given by that
particular element abundance. Since the elements are produced by different stars with
different lifetimes, the metallicity estimated by those elements cannot represent the true
metallicity ( which is normally estimated by [O/H]). Measuring LGRB-DLA metallicity
is a challenge at z < 1.6, since the Lyα absorption line is in the UV. Rau et al. (2010)
presented an extremely metal-poor LGRB-DLA system (Z ∼ 1/300 Z
⊙
). They measured
several chemical abundances and suggested that the apparent conflict between the high
[Si/Fe] and low [O/Fe] ratios found in this object is caused by the underestimate of the
O column density.
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5.4.2 Results and discussion
The nature of DLAs remains unclear, but many authors have suggested that their
chemical properties and star-formation histories can be reproduced by models of irregular
galaxies that slowly evolve due to a mild SFR (Bradamante et al. 1998; Romano et al.
2006; Yin et al. 2011). Typical elliptical galaxies are instead very unlikely to host the
DLAs observed at high redshift primarily because ellipticals form rapidly (in less than
1.5 Gyr, see Pipino & Matteucci 2004; Pipino et al. 2011) consuming and then losing
any residual gas so quickly that additional star formation is inhibited. Therefore, to
observe an elliptical when it is still forming stars, one should observe it at very high
redshift, higher than the typical redshift of DLAs. Moreover, if the DLAs represent
an early phase of galaxy formation, regardless of their morphological type, we should
observe DLAs with different properties ( e.g. different [α/Fe] versus [Fe/H] relations),
which reflect the different morphological galaxy evolution history, and this is not the
case.
To verify what has been stated above, we computed chemical evolution models
for galaxies of different morphological type. In Table 1, we summarize some model
results: in the first column we present the model identification, in the second column
the total infall mass, in the third column the assumed SFE, in the fourth column the
predicted present-time gas mass, in the fifth column the predicted present-time stellar
mass, and in the sixth column the predicted present-time (13.7 Gyr) SFR expressed in
M
⊙
yr
−1
. Models from 1 to 4 refer to dwarf irregulars and all assume an infall mass
of 5 × 109M
⊙
, whereas model 5 refers to an infall mass of 10
11
M
⊙
and the disk of a
spiral. Model 6 represents a small elliptical with infall mass ∼ 1010M
⊙
and model 7 a
massive elliptical with infall mass of ∼ 1012M
⊙
. We note that the predicted SFRs for
dwarf irregulars agree with the lowest values estimated by Savaglio et al. (2009), while
the SFR for the spiral disk agrees with the highest observed values, and the gas masses
agree with the values measured for dwarf irregulars. No star formation occurs in the
elliptical model after the galactic wind (occurring before 1.5 Gyr since the beginning of
star formation), which implies that ellipticals cannot be the observed nearby (z<1) host
galaxies of LGRBs, unless they just formed. On the other hand, the outermost regions of
galactic disks could be associated with DLAs simply because their chemical and gaseous
properties resemble those of irregular galaxies, as shown in previous works.
5.4.2.1 Metallicity-redshift relation for LGRB-associated systems
To establish which galaxies host the LGRBs at both low and high redshift, we
compare our model results with the observed abundances in LGRB-associated systems
(see Figs. 5.5, 5.6, 5.7, and 5.8). The model with SFE=1.0 simulates the evolution of
a small disk of either a spiral galaxy or an irregular galaxy undergoing more intense
star formation than the average, whereas the SFE=0.1-0.05 is typical of dwarf irregular
galaxies (see Romano et al. 2000; Lanfranchi & Matteucci 2003). From Figs. 5.5, 5.6, 5.7,
and 5.8, one can see that the value SFE=1.0 reproduces the LGRB-associated systems at
neither high nor low redshift, whereas the model for irregulars galaxies with SFE=0.1-
0.05 can closely fit all the data. On the other hand, values of SFE<0.05 do not fit
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Table 5.1 Model predictions at 13 Gyr
Mod infall mass (M⊙) SFE (Gyr
−1
) Gas mass (10
8
M⊙) Stellar mass (10
9
M⊙) SFR(M⊙yr
−1
)
1 5*10
9
1 0.079 2.65 0.0079
2 5*10
9
0.1 0.827 1.34 0.0083
3 5*10
9
0.05 7.34 1.12 0.037
4 5*10
9
0.01 46.25 0.30 0.046
5 10
11
1 31.25 68.5 31
6 10
10
3 0.0 4.09 0
7 10
12
22 0.0 530 0
the data. This comparison clearly indicates that the associated systems of the studied
LGRBs are dwarf irregular galaxies in different evolutionary phases. In elliptical galaxies,
there is no star formation after the galactic wind, therefore they can be rejected as hosts
of LGRBs at low redshift. Since ellipticals are very rapidly enriched, by a fine-tuning
of the formation redshift parameter, one can always find a model of elliptical capable
of reproducing any subsolar log(X/H)+12 data at high redshift, but this would be an
arbitrary assumption. We therefore need abundance ratios to test this situation (see
Figs. 5.10 and 5.11 in the next section).
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Fig. 5.5 12+log(X/H) as a function of redshift. Predicted lines are from the irregular
galaxy model with SFE=1, as indicated in the figure. High redshift (z > 2) data are
LGRB-DLA systems and low redshift (z < 1) data are LGRB host galaxies. Red pluses,
green circles, blue crosses, and black squares are relative to O, Si, Fe, and S abundances,
respectively. Typical error in data is shown by a vertical line. Data are derived from
Savaglio (2006), Levesque et al. (2010a), Savaglio et al. (2009), and Rau et al. (2010).
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Fig. 5.6 12+log(X/H) as a function of redshift. The same as Fig. 5.5 but for SFE=0.1.
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Fig. 5.7 12+log(X/H) as a function of redshift. The same as Fig. 5.5 but for SFE=0.05.
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Fig. 5.8 12+log(X/H) as a function of redshift. The same as Fig. 5.5 but for SFE=0.01.
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In Fig. 5.9, we show again the log(X/H)+12 versus redshift plot predicted by a
model with SFE=1.0 but an infall mass of 10
11
M
⊙
that should represent the disk of a
spiral galaxy such as the Milky Way (model 5). In this model, we also assumed that the
gas accreted more slowly than dwarf irregulars. Detailed chemical evolution models for
the Milky Way (e.g. Chiappini et al. 1997; Boissier & Prantzos 1999; Hou et al. 2000;
Chiappini et al. 2001; Yin et al. 2009) predict that the Milky Way disk formed in several
Gyrs and inside-out. Here, we present a simplified one-zone model for a galactic disk that
predicts average abundances, which helps to verify the behavior of the age-metallicity
relation of a more massive galaxy with a higher SFE than typical irregulars. Fig. 5.9
shows that this model, as happens for the model with infall mass 5 × 109M
⊙
and SFE
typical of a spiral disk (model 1), cannot fit any of the LGRB hosts and therefore should
be rejected. We note that we assumed a common redshift of galaxy formation for all
the models (zf = 10) irrespective of the galaxy morphological type because old stars
are in general found in every galaxy. If galaxies formed later, clearly they can not be
the hosts of high-redshift LGRBs. However, irregulars may be the hosts of low-redshift
LGRBs if they formed at redshift z=1, although in this case a slightly lower SFE would
be required.
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Fig. 5.9 12+log(X/H) as a function of redshift. The same as Fig. 5.5 but for the spiral
galaxy model with SFE=1 and infall mass 10
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⊙
.
5.4.2.2 LGRB hosts abundance ratios
The abundance ratios of chemical elements, which have different timescales of
production (such as α-elements and Fe), can be used as useful criterion to study the
star formation history in galaxies (see Matteucci 2001). In Figs. 5.10 and 5.11, we
compare the [Si/Fe] and [S/Fe] ratios predicted by irregular and elliptical models with
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the available data for LGRB-DLAs. The data are derived from Savaglio (2006) and Rau
et al. (2010). Although the error bars in the data are very large, the results imply that
most of the data cannot be well fitted by the predictions of elliptical models. They are
instead reproduced by the predictions of irregular models with a SFE=0.05 Gyr
−1
, thus
confirming the results shown in Figs 5.5, 5.6, 5.7, and 5.8. However, more accurate data
are necessary in the future to confirm this result.
In the case both of Si and S, because of the large error bars in the observational
data, the predictions of the elliptical models are marginally acceptable. In general, our
predictions indicate that ellipticals, when forming stars ( a passive evolutionary phase
is of no interest because is without star formation and SNe Ib/c are connected to star
formation since they originate in massive stars), have higher [α/Fe] ratios than spirals
and irregulars and that their evolution is much shorter. Hence, if one measure were to
the [α/Fe] ratios of the gas in star-forming ellipticals at high redshift, one should find
super-solar values. However, ellipticals are predicted to remain in a phase where their
gas has a metallicity [Fe/H] in common with those of DLAs (between -2.0 and -3.0) for a
very short time interval (< 0.1 Gyr), as shown in Fig. 5.12.Therefore, it is very difficult
to observe these galaxies in this short time interval, another reason for excluding even
small ellipticals from being DLA systems. Further more, the lower number distribution
of ellipticals at high redshift (as derived from the luminosity function) also limits the
observational chance of ellipticals from being DLA systems. If the DLAs did represent
a particular evolutionary phase of a galaxy, regardless of morphological type, we should
then observe DLAs with a wide range of properties (e.g. [α/Fe]), which reflecting the
different star formation histories of galaxies of morphological type.
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Fig. 5.10 [Si/Fe] as function of [Fe/H] of LGRB-DLA systems. The predictions are our
from chemical evolution models of elliptical galaxies with SFE=22 (black dotted line)
and SFE=3 (green solid line), and of irregular galaxies with SFE=0.05 (blue dashed-
dotted line) and SFE=0.01 (red dashed line) (see text). Data are derived from Savaglio
(2006) and Rau et al. (2010).
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Fig. 5.11 [S/Fe] as function of [Fe/H] of LGRB-DLA systems. The predictions are from
chemical evolution models for the elliptical galaxies with SFE=22 (black dotted line) and
SFE=3 (green solid line), and for irregular galaxies with SFE=0.05 (blue dashed-dotted
line) and SFE=0.01 (red dashed line) (see text). Data are derived from Savaglio (2006).
Since LGRBs are associated with SNe Ib/c, we also computed these rates for dif-
ferent galaxies, and compared the predicted present-time SN Ib/c rate with the observed
one, as shown in Fig. 5.13. To compute this rate, we assumed that the progenitors of
these SNe are either Wolf-Rayet stars with Min > 25M⊙ or massive binary systems in
the mass range 12M
⊙
≤ Min ≤ 20M⊙, as described in detail in Bissaldi et al. (2007).
For the observational SN Ib/c rate, we assumed the value of the SN Ib/c rate per unit
mass provided by Mannucci et al. (2005) for irregular galaxies, which is 0.54
+0.66
−0.38
SNe
(100yr)
−1
10
−10
M
⊙
. We then multiplied this value by the predicted present-time stellar
mass in each model (Table 5.1). The results show that our irregular models predict SN
Ib/c rates in reasonable agreement with observations. In addition, the observed GRB
redshift distribution peaks around z=1 (Fig. 1 in Savaglio et al. (2009)) in reasonable
agreement with our predicted peak of SN Ib/c rate (at z=1 corresponding to a galactic
age ∼ 5 Gyr, see Fig. 5.13). The sharp break in the SN Ib/c rate for ellipticals and irreg-
ulars with SFE=0.05 occurs because at that time the galactic wind develops (SFE=0.01
is too low to develop a wind). Gas is lost through the wind and the gas surface density
decreases sharply (see Sect. 5.2 for details). As a consequence, the SFR drops and the
SN Ib/c rate then also drops.
5.5 Conclusions
In this Chapter we have studied the nature of the LGRB hosts and QSOs with
chemical evolution models. We have compared the data of QSO J1148+5251 and abun-
dance ratios from NLR in QSO hosts, with elliptical chemical evolution models adopting
detailed dust prescriptions. We have compared the data of LGRB-associated systems,
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Fig. 5.12 Predicted [Fe/H] versus galactic age for two irregular and two elliptical models,
as indicated in the figure. The horizontal lines mark [Fe/H]= −1.0 and [Fe/H]= −3.0.
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Fig. 5.13 Predicted SNIb/c rate evolution as a function of galactic age for irregulars
and ellipticals. The predictions are from our chemical evolution model of a elliptical
galaxy assuming the star formation efficiency SFE=22 (black dotted line), SFE=3 (green
solid line) and an irregular galaxy assuming SFE=0.05 (blue dashed-dotted line) and
SFE=0.01 (red dashed line) (see text). Blue cross and red circle are the observed SN
Ib/c rates, derived by multiplying the SN Ib/c rate per unit mass in irregular galaxies
(Mannucci et al. 2005) by the predicted present stellar mass in each model.
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LGRB-DLAs at high redshift, and LGRB host galaxies at low redshift, with chemical
evolution models for galaxies of different morphological type. We have confirmed that
the star formation history is the main driver of galaxy evolution. In particular, the prop-
erties of galaxies of different morphological type can be reproduced by simply changing
the efficiency of star formation. We have completed the following tasks: 1) to reproduce
the lager amount of dust and solar or higher metallicities shown in QSO environments.
2) to investigate the nature of the LGRB hosts.
As far as QSOs are concerned, our findings can be summarized as follows:
1. The predicted total amount of dust is in good agreement with the dust seen in this
QSO. We tested also the hypothesis that the QSO itself produced dust but this
production appears negligible compared to that from stellar sources, unless one
focuses on the very central regions at times very close to the galactic wind onset.
Future observations can provide better constraints to the QSO dust model.
2. From the comparison of our model results for a massive elliptical (M = 10
12
M
⊙
)
with one of the most distant QSO ever observed J1148+5251, we derived a redshift
of formation for this object z > 7 (and likely larger than 10).
3. We also compared our model results for QSO hosts with data from NLR in QSO
hosts and we found a good agreement for [N/C] versus [C/H] and [Si/C] versus
[C/H]. The very high C abundance observed in these QSOs can be explained only
by assuming yields with mass loss from massive stars with a strong dependence on
metallicity, as those of Maeder (1992).
As far as LGRB hosts are concerned, our conclusions can be summarized as
follows:
1. If the observed high-redshift LGRB-DLAs and local LGRB host galaxies belonged
to an evolutionary sequence, they should be irregulars with a common galaxy-
formation redshift as high as zf = 10, observed at different phases of their evo-
lution. We can fit the majority of these systems using slowly evolving irregular
models with a star formation efficiency, SFE=0.1-0.05. The adopted models were
previously tested on local dwarf irregulars (see Yin et al. 2010, 2011) and they may
reproduce their properties.
2. We tested models with SFE=1.0, which resemble the evolution of the disk of the
Milky Way (Chiappini et al. 1997; Franc¸ois et al. 2004; Cescutti et al. 2007). We
considered the average properties of such a disk, and concluded that they fit neither
high nor low redshift data since they predict too high absolute abundances. We
cannot exclude, however, that they correspond to the outermost regions of spiral
disks, since their properties are similar to those of irregulars (see Matteucci et al.
1997).
3. The rapid chemical enrichment at high redshift and subsequent passive evolution,
following the occurrence of a galactic wind several Gyrs ago, of elliptical galaxies,
suggests that they cannot be LGRB host galaxies at low redshift and that they are
very unlikely hosts of LGRB-DLAs even at high redshift. The high observed [α/Fe]
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ratios in ellipticals indicate in particular that most LGRB-DLAs can be neither a
phase nor a part of ellipticals.
4. By comparing the observed and predicted chemical properties of LGRB hosts, we
have shown that they are most closely fitted by galaxy models with a lower SFE
than either spirals or ellipticals, which is typical instead of irregular galaxies.
5. The elliptical models to which we compared the data refer to a very massive el-
liptical of infall mass 10
12
M
⊙
, which is reproduced well by assuming a SFE=22
Gyr
−1
, and to a small elliptical of infall mass 10
10
M
⊙
, which is reproduced well
by assuming a lower SFE=3 Gyr
−1
. These assumptions reflect the downsizing in
star formation that is necessary to reproduce the majority of the chemical and
photometric properties of ellipticals. (e.g. downsizing in chemical enrichment, see
Pipino & Matteucci 2004, 2006, 2008). According to our anti-hierarchical galaxy
formation scenario, we should with future data observe a mass-redshift relation for
LGRB hosts.
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Chapter 6
The nature of LBGs at redshift z ∼ 3
from the chemical abundances and SED
6.1 Introduction
Lyman break galaxies (LBGs) are observed at z∼1 (Burgarella et al. 2007), z∼
1.4-2.5 (“BX” and “BM” , Steidel et al. 2004), z ∼3 (Steidel et al. 2003), z ∼ 4,5,6
(Vanzella et al. 2009) by means of the photometrical selection technique for rest-frame
912 A˚ Lyman-continuum discontinuity in a desired redshift interval. Most of them are
star-burst galaxies. This is because 912 A˚ Lyman-continuum discontinuity, which is a
feature of the integrated light of the short-lived massive stars (O and early B types)
formed in the star-burst, is related to star formation (Kennicutt 1998; Giavalisco 2002).
The nature of LBGs is still not clear. The properties of ISM and dust of LBGs
have been probed by stellar lines, interstellar absorption lines and redder rest-frame UV
continuum at z & 3 (Steidel et al. 2003; Vijh et al. 2003). The particular gravitational
lensed LBG MS 1512-cB58 (hereafter cB58) at redshift z = 2.7276 indicates a young
system undergoing rapid star formation and possibly destined to be an elliptical galaxy
(Pettini et al. 2002). By means of cosmological hydrodynamic simulations, Dave´ et al.
(2000) suggested that LBGs at z ∼ 3 are the most massive galaxies at that epoch without
ruling out the merger-induced star-burst galaxies contribution. Using a chemodynamical
model, Friaca & Terlevich (1999) suggested that LBGs at z ∼ 3 are the progenitors
of present-day massive spheroids. Matteucci & Pipino (2002a); Pipino et al. (2011)
suggested that LBGs at z ∼ 3 are young less massive star-forming elliptical galaxies by
fitting the abundance pattern of cB 58 with galactic chemical evolution models.
In general, metallicity is a critical parameter in the study of galaxy evolution,
shedding light on star formation histories and subsequent chemical evolution. Moreover,
the abundance ratios can make a reliable constraint on SFH if they involve two elements
enriching the ISM on quite different timescales. Especially the [α/Fe] ratios, when plot-
ted as functions of metallicity tracers such as [Fe/H], allow us to clarify the particular
star formation history (see discussion in Chapter 4, Cescutti & Matteucci (2011) and
Matteucci (2001). Since some elements (e.g. Si, Fe) are depleted more into dust than
others (e.g. O, Zn), it is critical to study the evolution of those different elements in
chemical evolution models.
The SED holds most of the physical information about a galaxy. Several pan-SED
models in the literature (e.g. Efstathiou et al. 2000; Takeuchi et al. 2003; Siebenmorgen
& Kru¨gel 2007; Groves et al. 2008) focus on local star burst galaxies and few pan-SED
model studied the high redshift objects. The stellar population properties of LBGs at z
∼ 3 are studied by Sawicki & Yee (1998); Papovich et al. (2001); Magdis et al. (2008,
2010a); Pentericci et al. (2010). The stellar properties, such as age and star formation
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history (SFH), of those samples are estimated by SED fitting based on stellar population
synthesis models which assume SFH, IMF and metallicity. However, those assumptions
usually are not self-consistent. For example, the metallicity adopted in those work is a
constant (such as solar metallicity) and is not the consequence of the star and galaxy
evolution. Empirical attenuation laws are adopted to deal with the reddening in those
models. This means that the dust environment, such as molecular cloud (MC) condition,
and dust properties, such as dust mass, dust abundance and dust size distribution, are
not directly studied. Furthermore, separate models are adopted in these works to fit the
UV-optical part of the SED and the IR part of the SED. In other words, the energy
balance, such as the total extincted UV-optical stellar light energy equals the emitted
IR dust light energy, is not a task in their work. Here, we will deal with the radiative
transfer of starlight through dust. In our approach (see details below), we can study
the properties of stellar population and ISM by a single SED model. Up to now, no
detailed rest-frame UV-radio SED of LBGs at z ∼ 3 is available. Very recently, an
average rest-frame UV-radio SED of MIPS 24µm detected LBGs (MIPS-LBGs) at z ∼ 3
is constructed by Magdis et al. (2010b) based on stacking technique.
Dust substantially changes the galaxy SED by absorbing, scattering the λ  1µm
photons, emitted by stars, and re-emitting infrared (IR) photons. It is likely that the
dust properties are quite different among galaxies at different redshift (eg. as witnessed
by varying extinction; L24µm − L70µm luminosity correlation, see Maiolino et al. 2004;
Magnelli et al. 2011, respectively). Therefore, a proper treatment of the dust evolution
is necessary for an accurate SED modeling.
The SED of a galaxy depends on its SFH, initial mass function (IMF), chemical
and dust evolution and geometry. From modeling point of view, it also depends on the
simple stellar population model, the dust optical properties model and the treatment
of radiation transfer. Parameter degeneracy is a problem for any galactic SED fitting
(see reviews by Gawiser 2009; Walcher et al. 2011). To overcome this problem, a self-
consistent chemical evolution model (Pipino et al. 2011) is adopted to reduce the degree
of freedom as much as possible in our SED modeling. This method has been adopted by
Schurer et al. (2009) to model the SED of different morphological type galaxies using the
chemical and dust evolution from Calura et al. (2008). On the other hand, the “best-
fitting” approach for limited data will cause the over-fitting problem (see an example
of extinction curve fitting in Li et al. 2008). Given that SED modeling has many free
parameters, we will focus on reproducing only the most robust observational quantities,
carefully selected to break such degeneracy. Only the general galaxy-wide properties
of MIPS-LBGs at z ∼ 3 will be studied by modeling their average SED with a new
“semi-best-fitting” approach.
In this Chapter
1
, the nature of LBGs at high redshift will first be investigated by
chemical evolution models in Sect. 6.2. In Sect.6.3, the galaxy evolution scenario from
chemical models will be confirmed by modeling an average spectral energy distribution
(SED) of LBGs at z ∼ 3 with spectro-photometric models, and galaxy-wide properties
of that LBGs will be investigated. Our summary and conclusions are drawn in Sect. 6.4.
1This Chapter is partly based on Pipino et al. (2011) and Fan (2011)
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6.2 LBGs by chemical evolution models
6.2.1 Models
The chemical evolution models and dust models are the same as described in
Chapter 2. The parameters and results are shown in Table 4.1. Both the infall and
the star formation timescale are assumed to decrease with galactic mass (Pipino et al.
2011), in order to reproduce the “chemical downsizing” (e.g. Thomas et al. 2005). The
initial conditions for ellipticals allow for the formation by either collapse of a gas cloud
into the potential well of a dark matter halo or, more realistically, by the merging of
several gas clouds. In any case, the timescale for both processes should be shorter than
0.5 Gyr, so that the ellipticals form very rapidly. The rapid collapse triggers an intense
and rapid star-formation process that lasts until a galactic wind, powered by the thermal
energy injected by stellar winds and SNe (Ia, II) explosions, occurs. At that time, the
thermal energy is equal or larger than the binding energy of gas, and all the residual gas
is assumed to be lost. After the wind, the star formation stops and the galaxies evolve
passively. The metallicity and up to 21 single chemical elements are studied in detail.
Those elements are produced by single low and intermediate mass stars (AGB stars),
SNe Ia, single massive stars (SNe II). The yields used in this Chapter are as follows:
1)for single low and intermediate mass stars (0.8 ≤ M/M
⊙
≤ 8) we make use of the
yields by van den Hoek & Groenewegen (1997) as a function of metallicity; 2) for SNe
Ia and SNe II we adopt the empirical yields by Franc¸ois et al. (2004). These yields are a
revised version of the Woosley & Weaver (1995) (for SNe II) and Iwamoto et al. (1999)
(for SNe Ia) calculations adjusted to best fit the chemical abundances in the Milky Way.
We consider that the dust producers are AGB stars, SNe Ia and SNe II. We also take in
to account the dust accretion and dust destruction processes in the ISM. Only the main
refractory elements, C, O, Mg, Si, S, Ca, Fe, are depleted into dust, and we assume that
stars can produce two different types of grains: i) silicate dust, composed of O, Mg, Si,
S, Ca and Fe; and ii) carbon dust (graphite in the GRASIL language, see Sect. 6.3),
composed of C. Since there is no AGN signature in MIPS-LBGs and cB 58 rest-frame
UV spectra as well as in their SED, we do not include QSO dust in this Chapter.
6.2.2 Observational data
From the discovery of LBGs (see Steidel et al. 1996a,b), only the abundance
patterns of a handful of objects have been studied in great detail. One of the first of
such objects for which abundance measurements were available is MS 1512-cB58, studied
by Pettini et al. (2002). Owing to its gravitationally lensed nature, MS 1512-cB58 is
one of the brightest known LBGs. This object is at z ∼ 2.73 and has a luminous mass
of ∼ 1010M
⊙
, a star formation rate ψ(tsf ) ∼ 40M⊙yr
−1
(Pettini et al. 2002) and an
effective radius of rL ∼ 2 kpc (Seitz et al. 1998), for a Ωm = 0.3,ΩΛ = 0.7, h = 0.70
cosmology. Pettini et al. (2002) concluded that the abundances of O, Mg and Si are
∼ 2/5 of their solar values, whereas [Fe/H]=-1.15, hence underabundant by a further
factor of > 3 with respect to the other elements. This underabundance is probably
caused by depletion into dust. Pettini et al. (2002) took into account the effect of dust
depletion on Fe-peak elements and suggested that is of the order of a factor of two.
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Matteucci & Pipino (2002) modeled the chemical abundances of such a galaxy by taking
into account the dust depletion, as suggested by Pettini et al. (2002) and concluded
that this galaxy is a small young elliptical undergoing a burst of star formation and a
galactic wind. They suggested an age of 35 Myr for this object. However, that original
formulation of the chemical evolution model did not take into account the dust evolution
as we have here. Further confirmation of the presence of the dust came from 3D Lyα
transfer models (Schaerer & Verhamme 2008) and dust emission models (Takeuchi &
Ishii 2004).
More recently, other lensed LBGs have been observed (e.g. Quider et al. 2009,
2010; Dessauges-Zavadsky et al. 2010a) but the presence of either line emission or inter-
vening systems, as well as the different spectral coverage, hampered the measurement of
an extended set of abundance ratios as in MS1512-cB58.
For the oxygen abundance, we will also use data from the AMAZE (Assessing the
Mass-Abundance redshift(Z) Evolution, Maiolino et al. 2008) and LSD (Lyman-break
galaxies Stellar populations and Dynamics, Mannucci et al. 2009) programs at z∼ 3 as
well as data of LBGs Clone and Cosmic Horseshoe from Hainline et al. (2009).
6.2.3 Results
In this section we focus on our low mass elliptical model in comparison to the
class of the LBG galaxies. As noted, MS1512-cB58 is still the best candidate for having
an extensive sample of well measured abundance ratios. Therefore, this galaxy will is
the best case to test our model.
6.2.3.1 [N/O] and [N/Fe] ratio
As shown by Matteucci & Pipino (2002), it is useful to study the abundance ratio
of a refractory element (like Fe) to an undepleted one (like N) in order to measure the
amount of dust depletion for the Fe-peak elements. In Fig. 6.1 we show the predictions
from the 3 · 1010M
⊙
galaxy model with different prescriptions regarding the dust and
the N primary production. Fig. 6.1 shows that in order to predict a value for [N/Fe] in
the observed range, dust depletion is needed, although such a conclusion suffers from a
degeneracy with the N production. Nitrogen is generally considered mainly a secondary
element, in the sense that N needs the C and O, originally present in the star, to be
created during the CNO burning cycle. However, N can also be produced as a primary
element in some special situations, such as in AGB stars (Renzini & Voli 1981; van den
Hoek & Groenewegen 1997; Marigo 2001) and massive rotating stars (Meynet & Maeder
2002). In fact, the C and O going to form N are not the original ones present in the
gas out of which the star formed, but they have been synthesized by the star itself. In
the two different cases N production changes significantly, especially at low metallicities.
From a look at Fig. 6.1 we can derive the following considerations: it is difficult to
say whether the N is primary or secondary in massive stars. First of all because Fe is
depleted into dust and second because of the discrepancy between the N measured from
emission and absorption lines. On the other hand, Fig. 6.2 can give more indications.
In particular, it seems that assuming primary N from massive stars overproduces N with
respect to O in the gas by more than a factor of three. On the other hand, the model
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Fig. 6.1 The predictions of [N/Fe] vs [Fe/H] ratios for a 3 ·1010 model galaxy. Cases with
either primary+secondary or secondary only N production in massive stars are shown
along with models with and without dust depletion. Data are taken from Teplitz et al.
(2000) (Red Cross, T data), Pettini et al. (2002)(Black Square, P data).
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Fig. 6.2 The [N/O] vs [O/H] trend. Cases with either primary+secondary or secondary
only N production are shown along with models with and without dust depletion. Data
are from Teplitz et al. (2000) (Red Cross, T data), Pettini et al. (2002)(Black Square, P
data).
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which best reproduces the [N/Fe] value from Pettini et al. (2002), namely the fiducial
model with dust and without primary N, is offset by Pettini et al.’s [N/O] ratio by 0.8
dex. Here we add that at [Fe/H]=-1.15 the model has an age of 100 Myr, therefore we
confirm that MS 1512-cB58 must be young.
6.2.3.2 α− elements to iron ratios
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Fig. 6.3 The [Mg/Fe] vs [Fe/H] ratios for the 3 ·1010M
⊙
galaxy model. Data from Pettini
et al. (2002).
Fig. 6.3 and Fig. 6.4 show the predicted [Mg/Fe] and [Si/Fe] vs. [Fe/H] compared
to observational data for the LBG MS 1512-cB58 (Pettini et al. 2002). Our predicted
[Mg/Fe] and [Si/Fe] ratios are still lower than observed in MS 1512-cB58. On the other
hand, the predicted values are higher by ∼ 0.2 dex than predicted by Matteucci & Pipino
(2002), because the yields adopted in this work consider a slightly higher Mg production
from massive stars with respect to the Woosley & Weaver (1995) yields (namely the
yields adopted by Matteucci & Pipino, 2002). Note that in the so-called “horseshoe”
LBG (Quider et al., 2009), the Si/Fe ratio is very close to the one observed in cB58, thus
confirming the discrepancy between theory and observations. We do not believe that the
discrepancy could indicate a problem related to too low Mg and Si yields in the adopted
nucleosynthesis, since a [Mg/Fe] ≥ 0.6 dex in the gas for a large fraction of the galaxy
evolution would imply [<Mg/Fe>stars] >0.3-0.4 dex, which exceeds the observed value
observed in present day low mass ellipticals.
When the metallicity is measured from the photospheric absorption features of
the stellar light (Rix et al. 2004)), instead, the [Fe/H] is 1.5-4 times higher than those
reported by Pettini et al. (2002), hence there is the possibility that this disagreement
originates from the dust, i.e. a possibility could be that in MS 1512 -cB58 Si and Mg are
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Fig. 6.4 The [Si/Fe] vs [Fe/H] ratios for the 3 · 1010M
⊙
galaxy model. Data from Pettini
et al. (2002).
not as depleted as much as Fe, at variance with our prescriptions. For instance, if we
leave δ
II
Mg
= δ
II
Si
=0.08 as prescribed by the new model presented in Chapter 2 and increase
δ
II
Fe
to 0.5, we predict [Mg/Fe]=0.75 and [Si/Fe]=0.6 at [Fe/H]=-1.15, hence formally in
agreement with the observed value, within the error. This, however, cannot be justified
on theoretical grounds since we assume the same efficiencies for Mg, Si and Fe because
they have nearly the same condensation temperature (see Calura et al.2008 for details).
However, such a differential depletion effect, which is known to affect the abundance
pattern of the cold gas in Damped Lyman Alpha systems (Vladilo 2002; Calura et al.
2003), could partially alleviate the discrepancies between models and observations. The
difference between predicted and observed values is not so evident in the Si/C abundance
in QSOs (see Chapter 5). We will study IMF and dust effects on these discrepancies in
Chapter 7.
6.2.3.3 The O/H ratio and the age of LBGs
Finally, in Fig. 6.5 we show the predicted age-oxygen relation for Lyman-break
galaxies, compared with the recent data from Maiolino et al. (2009, AMAZE), Mannucci
et al. (2009, LSD), Hainline et al. (2009) and Teplitz et al. (2000). Here we obtain a
good fit to the data if we assume a galaxy formation redshift for these galaxies in the
redshift interval ∼2.3-4. Note that all the galaxies have masses around a few 1010M
⊙
,
therefore the inferred spread in the formation epoch can be understood as the redshift
range in which low mass ellipticals form. In particular, the curve which gives the best
agreement with MS 1512-cB58 data in Fig. 6.5 requires a formation redshift z∼3, that
is, in the standard LCDM cosmology, an age of at least 0.2 Gyr (we recall that MS
1512-cB58is at z=2.73). A similar conclusion can be reached from the analysis of Fig.
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Fig. 6.5 [O/H] ratio as a function of redshift for a 3 · 1010M
⊙
galaxy and different case
formation redshifts. Data are from Maiolino et al. (2009, AMAZE), Mannucci et al.
(2009, LSD), Pettini et al. (2002)(MS 1512-cB58). Clone and Cosmic Horseshoe are
from Hainline et al. (2009).
4.1, where the best agreement with the observed SFR is obtained at ages larger than 0.2
Gyr. However, given the uncertainties in the observational values and the flat trend with
time in the predicted one, such a constraint is rather weak. Finally, we showed above
that the time at which our model reaches the metallicity [Fe/H]=-1.15 is 0.1 Gyr, again
hinting for a very young age for the galaxy MS 1512-cB58 .
6.3 LBGs by spectro-photometric models
6.3.1 The models
To model the SED of high redshift starburst MIPS-LBGs, we combine the chemi-
cal evolution model for elliptical galaxies (Pipino et al. 2011) and the spectro-photometric
model GRASIL (Silva et al. 1998). This approach is fully described in Schurer et al.
(2009) for different morphological type galaxies. For convenience the two models will be
summarized here. We direct the reader to Chapter 2 and 3 for equations and further
details.
6.3.1.1 The chemical evolution model
The SFH, metallicity enrichment and dust evolution history are obtained from a
self-consistent chemical evolution model as described in Chapter 2, which has successfully
reproduced the chemical abundance properties of LBGs at z ∼ 3 (see Sect. 6.2).
To fit the SED, we have tested many SFHs of elliptical models by GRASIL. These
models cover a large mass range (From 10
9
M
⊙
to 10
12
M
⊙
). The parameters and results
of three examples of tested models with total mass 3× 1010M
⊙
(M310), 10
11
M
⊙
(M11)
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and 5 × 1011M
⊙
(M511) are shown in Table 6.1. SFHs of these three models and the
estimated SFR of the average MIPS-LBG are shown in Fig. 6.6. Dust mass, dust-to-gas
ratio and metallicity as a function of galactic age of 10
11
M
⊙
galaxy (the “best-fitting”
galaxy, see below) adopted in the GRASIL are shown in Fig. 6.7(a)-6.7(c), respectively.
Table 6.1 Chemical model parameters and results.
model
name Mlum Reff ν τ tgw SW SNe Ia and SN II dust elements
(M⊙) (kpc) (Gyr
−1) (Gyr) (Gyr) yields yields
M310 3× 1010 2 5 0.5 0.8 V&G Franc¸ois C, Si, Fe, Mg, O ,(S, Ca)
M11 1011 3 10 0.4 0.7 V&G Franc¸ois C, Si, Fe, Mg, O, (S, Ca)
M511 5× 1011 6 15 0.3 0.7 V&G Franc¸ois C, Si, Fe, Mg, O, (S, Ca)
Mlum: the total mass of the galaxy at galactic wind time tgw .
Reff : the effective radius of the galaxy.
ν: the star formation efficiency.
τ : the infall time scale.
tgw: the galactic wind time. It is determined only by Mlum (and hence ν and
τ). Note that it is shorter than in Pipino et al. (2011). This is because the
tgw refers to the central region of the galaxy in Pipino et al. (2011)and Table
4.1, while it refers to the whole galaxy in this work. This is a feature of the
outside-in formation formation scenarios (Pipino & Matteucci 2004).
Single low and intermediate mass stars yields (SW yields) are from van den
Hoek & Groenewegen (1997) (V&G).
SNe Ia and SNe II yields are from Franc¸ois et al. (2004).
C, Si, Fe, Mg, O are the dust elements adopted in GRASIL, while S, Ca are
also the dust elements in chemical models.
6.3.1.2 The spectro-photometric model
Using the SFH, chemical and dust evolution of a galaxy extracted from the chem-
ical evolution model (e.g. as shown in Fig. 4.1, 6.6 and Fig. 6.7(a)-6.7(c)), we model
the SED of that galaxy with the spectro-photometric code GRASIL (Silva et al. 1998)
as described in Chapter 3. Briefly, emissions form stellar populations are calculated
by evolutionary population synthesis technique (Bressan et al. 1994) using the chemical
evolution model and the Padova simple stellar population model (Bertelli et al. 1994).
In a given spatial distribution, namely the stellar and ISM profile, the stellar emissions
interact with dust. Younger stellar generations are more affected by dust obscuration
in their birth place (molecular clouds) than older ones in diffuse ISM. The effect of the
age selective extinction of stellar populations, for the first time, was modeled by a para-
metric approach adopting the parameter tesc in GRASIL (Silva et al. 1998). This is
described in GRASIL assuming that the fraction of starlight radiated inside the clouds
by stars is a function of the star age. In practice, if tesc is the timescale for the process,
100% of the stars younger than tesc are considered to radiate inside the MCs, and this
percentage goes linearly to 0% in 2tesc. The dust composition in GRASIL consists of
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graphite and silicate grains, and Polycyclic Aromatic Hydrocarbons (PAH) molecules,
with a distribution of grain sizes for each composition. The optical properties of silicate
and graphite grains are taken from Laor & Draine (1993). The optical properties of
PAH molecules from Draine & Li (2007). Dust abundance and dust composition relative
abundances are obtained directly from the chemical evolution model. For the molecu-
lar clouds a full radiative transfer calculation is performed. The radiative transfer of
starlight through dust is computed along the required line of sight yielding the emerging
SED (Granato & Danese 1994) based on lambda-iteration numerical method (Efstathiou
& Rowan-Robinson 1990; Collison & Fix 1991). However for the diffuse dust, the effects
of scattering are only approximated by assuming an effective optical depth related to
the true absorption and scattering optical depths by: τeff = [τabs(τabs + τsca)]
1/2
and
assuming that there is no re-absorption of the radiation emitted by the cirrus.
6.3.1.3 The difference between of the chemical and spectro-photometric
model
Chemical evolution models adopt the instantaneous mixing assumption, while
GRASIL takes into account two gas phases: the molecular clouds and diffuse gas. In
this Chapter, the chemical and dust information (such as dust-to-gas ratio and dust
abundance) are the same for those two gas phases. Ca and S are not contained in
GRASIL’s dust composition, but those two elements have negligible contribution to dust-
to-gas ratio. In this Chapter, we will only consider the following refractory elements C,
Si, Fe, Mg and O. That is, quantities as the total dust mass will be computed neglecting
other elements (see 6.7(b)). The effect caused by the difference of ISM (ISM≡ gas +
dust) metallicity and gas phase metallicity on SED is also negligible. The Salpeter IMF
(Salpeter 1955) is adopted in the two models. The baryonic matter (i.e. stars plus gas)
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Fig. 6.7 The chemical information adopted by GRASIL. Values in the star forming phase
are shown, since we only focus on this phase.
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is assumed to follow the Jaffe (1983) spatial distribution in chemical evolution model,
while GRASIL adopts the King profile (King 1966) spatial distribution. The spatial
distribution only directly affect the galactic wind time in chemical evolution model. The
geometry effect is negligible in the elliptical galaxy SED (e.g. see Silva et al. 1998; Piovan
et al. 2006b, for detail). So only the size of the galaxy in the two models is necessary in
order to have consistency, such as the effective radius of the galaxy relates to the galaxy
tidal radius by 10Reff = Rgal. The effects of various parameters on the SED will be
discussed in further work in detail. In this Chapter we only describe the general effects
of parameters on deriving physical properties of galaxies.
Table 6.2 Adopted values of MC in GRASIL
MW MIPS
tesc
1
2 200
fmc
2
0.5 0.5
Mmc
3
10
6
10
6
Rmc
4
40 16
1
Timescale for the evaporation of MCs, in Myrs.
2
Fractionary gas content in the
MCs.
3
Total gas mass in each MC, in M
⊙
.
4
Radius of each MC, in pc. The value of
Rmc in the MW is just to respond to the lower dust-to-gas ratio in the MW than in the
star-burst galaxies (see text in Sect. 6.3.4)
6.3.2 The fitting approach
In this work, with the help of the SFH, chemical and dust information from the
chemical evolution model and pan-spectral energy distribution data, we break the SFR-
age-metallicity degeneracies for SED modeling. However the parameter degeneracies
cannot be completely removed. Basically, the flux derived by median stacking analysis
represents the average properties of many undetected individual objects. We will not
give “ad hoc” parameters but the general properties of this population by modeling the
stacked SED. In this work, we will adopt a “semi-best-fitting” approach. This approach
is guided by answering these questions: 1) which parameter dominates the overall-level
SED of a galaxy? In other words, from a galaxy SED, which estimated property is most
reliable? 2) How do other parameters affect the SED in detail, such as the shape and
the peak of some parts of a SED? What is the trends of properties reflected by those
parameters? The “semi-best-fitting” approach in this work is the following: first, the
total mass of the average MIPS-LBG is estimated by comparing the predicted overall-
level of SED with data, and confirmed by further fitting steps. Once the galaxy is selected
by total mass estimation, the SFH, chemical and dust evolution history are given by a
chemical evolution model with that total mass. Then the “best-fitting” parameters are
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Table 6.3 Parameters for size distribution of the dust components (Eq. 6.1 and 6.2) in
the MW and MIPS-LBGs. The MW size distribution is that derived by Silva et al. (1998)
to match observations from the MW. The MIPS-LBGs size distributions are calculated
in this Chapter to match SED.
MW MIPS LBG
PAH
X 3.3× 10−25cm2.5/H 5× 10−25cm2.5/H
Graphite
amin (A˚) 8 ...
ab (A˚) 50 8000
amax (A˚) 2500 22500
β1 -3.5 -3.5
β2 -4.0 ...
Silicate
amin (A˚) ... ...
ab (A˚) 50 800
amax (A˚) 2500 12500
β1 -3.5 -3.5
β2 ... ...
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derived by min-χ
2
method based on a grid of testing parameters in GRASIL (see an
example of grid models in Fig. 6.10). Effects caused by various IMFs, simple stellar
populations and dust optical properties will not be discussed in this Chapter.
The free parameters in GRASIL, which will be investigated by min-χ
2
method
in this work, are the ones related to MCs and dust size distribution. There are four
parameters (in Table 6.2) related to MCs: 1) the time scale tesc of young stars escaping
from their birth places (MCs), 2) the fraction of gas content in MCs fmc, 3) the mass
of a single MC Mmc, 4) the radius of a single MC Rmc. Note that, the predicted SED
depends on Mmc and Rmc only through the combination Mmc/R
2
mc
, which is the true
free parameter. The dust size distribution for each dust component is described by the
power laws (Eq. 6.1 and Eq. 6.2 ). The parameters of graphite and silicate (in Table 6.3)
are the size lower limit (amin), size upper limit (amax), the connection point of the two
power laws (ab) and the ones related to slopes (β1 and β2 in Eq. 6.2). The parameter X
of PAH size distribution controls the abundance of PAH. The normalization parameters,
which control the dust abundance and dust component relative abundances are given by
the chemical evolution model (see Sect. 6.3.4 and 6.3.5 for detail). Other parameters
are the same as in Silva et al. (1998). The standard (Milky Way) and our “best-fitting”
model parameters adopted in SED modeling are shown in Tables 6.2 and 6.3.
6.3.3 Stellar populations
The overall-level rest-frame SED, like the value of the luminosity density or flux
density, of a galaxy is dominated by its total galaxy mass. Particularly, the total stellar
mass dominate the UV-optical part of the SED and total dust mass dominate the IR
part of the SED. In general, stars, such as AGB stars and SNe, are the main sources of
dust in a galaxy. A more massive galaxy contains more stars as well as more dust. The
more massive galaxy will show higher overall-level rest-frame SED.
Since short and intense star formation histories are adopted in this work, the
parameter space of age is not large (age < 0.7Gyr). Therefore, we compare the predicted
SEDs of different massive galaxies at different ages (see an example at moderate age 0.5
Gyr) with the observations to select the galaxy model. From Fig. 6.8 and Fig. 6.9,
we can estimate that the galaxy with total mass ∼ 1011M
⊙
and age of 0.5 Gyr could
reproduce the overall-level SED of the average MIPS-LBG. Note that, this mass is the
total mass of an elliptical galaxy at the wind time given by the chemical evolution model.
In fact, after the wind, no more star are formed and the galaxy evolves passively.
Various dust intrinsic properties, which usually are not well constrained by SED
modeling, strongly affect the UV-FIR flux (see Fig.6.10). Therefore, it is difficult to set
constrains on the star formation rate (SFR) only from UV-FIR SED modeling (also see
discussion in Papovich et al. 2001).In GRASIL the non-thermal radio emission, which
is not affected by dust intrinsic properties, is proportional to the SN II rate. Since the
life of SNe II is very short (< 30 Myr), the SN II rate is proportional to the SFR. So
the rest-frame radio flux should be a good estimator of SFR. For the 10
11
M
⊙
model, the
phase with SFR ∼ 200M
⊙
/yr fits the rest-frame radio flux well, and this SFR agrees
with the estimation (∼ 250M
⊙
/yr) of Magdis et al. (2010b). From the modeling point of
view, the total stellar mass is dominated by SFH, IMF and the age of stellar populations.
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Age is the only free parameter of stellar populations when SFH, chemical enrichment
history and IMF of a galaxy are fixed. The age of stellar populations then can be derived
from the SFH. In our approach, the age is estimated by fitting the overall-level SED and
the radio flux, namely it is a luminosity weighted age confirmed by “observed” SFR. The
SFR and total mass suggest that the ages of MIPS-LBGs should be ∼ 0.3− 0.6 Gyr (see
Fig. 6.9), and younger than 0.7 Gyr since the LBGs are starforming galaxies. The total
stellar mass are ∼ 6 × 1010M
⊙
and ∼ 1 × 1011M
⊙
at 0.3 and 0.6 Gyr for the 10
11
M
⊙
model, respectively. We adopt 0.5 Gyr for the next fitting step. This age corresponds
to total stellar mass ∼ 8 × 1010M
⊙
, which agrees with the value (∼ 7.9 × 1010M
⊙
) of
Magdis et al. (2010b).
The stellar mass and SFR of the average MIPS-LBG estimated in this work agree
with previous estimations. Since our estimations are based on the UV-radio overall-
level SED fitting, our results of the stellar population are derived by a complementary
approach comparing to the normal approach, which is usually based on optical to near-IR
SED fitting. The value ∼ 7.9× 1010M
⊙
adopted by Magdis et al. (2010b) is the median
stellar mass of the MIPS-LBGs population, which is derived by means of the Bruzual and
Charlot synthesis population model (Bruzual 2007) in Magdis et al. (2010a). The age-
extinction degeneracy makes the parametrization of these two properties uncertain and
difficult to constrain by population synthesis models. Magdis et al. (2010b) estimated
SFR = 275M
⊙
/yr by the IR luminosity of the average MIPS-LBG. The IR luminosity
are derived by fitting the the mid-IR to radio SED with template SEDs from Chary &
Elbaz (2001) and Dale & Helou (2002) libraries. With the median mass 7.9×1010M
⊙
and
the SFR 275M
⊙
/yr, a specific star formation rate (SSFR) = 3.5Gyr
−1
can be derived.
Assuming the SFR is a constant, the SSFR implies that the age of the average MIPS-
LBG is ∼ 0.3Gyr, which is consistent with our estimate 0.3−0.6Gyr, but not consistent
with the median age ∼ 1Gyr derived by synthesis population model in Magdis et al.
(2010a). In particular, our elliptical model does not allow a LBG to be older than 1Gyr.
6.3.4 Dust environments
As molecular clouds (MCs) are the birth place of stars, studying properties of MCs
at high redshift is important for our understanding of the star forming in galaxies (see
review by Riechers 2011). In this Chapter, we assume that all the MCs have the same
mass Mmc and spherical radius Rmc. MCs make much more contributions in extinction
than diffuse ISM in a star-burst galaxy with the fractionary gas content in the MCs
fMC ≥ 0.5. The parameter tesc shown in Table 6.2 controls how long the young stars
remain in their birth clouds and roughly control the fraction of extincted stellar light,
therefore it controls the total level of rest-frame UV-optical SED and the slope of the
rest-frame UV-optical SED. The optical depth of dust in a MC is determined by the
dust-to-gas ratio δ times Mmc/R
2
mc
. This parameter moderately controls the total level
of rest-frame UV-optical SED and also affects the slope of rest-frame UV-optical SED.
The “best-fitting” parameters of MCs for the average MIPS-LBG are shown in Table
6.3. The larger value of the tesc and the smaller value of the Rmc compared with the
89
10-2 10-1 100 101 102 103 104 105 106
rest [m]
10-2
10-1
100
101
102
103
104
F

 [

Jy
]
M511
M11
M310
Fig. 6.8 Rest-frame SEDs of different mass galaxies at 0.5 Gyr with the MW dust param-
eters shown in Table 6.2 and Table 6.3. M511, M11 and M310 represent 5 × 1011, 1011
and 3×1010M
⊙
galaxies, respectively. Data are from Magdis et al. (2010b). The 10
11
M
⊙
model fits the overall-level SED well and is adopted for next fitting step.
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Fig. 6.9 Rest-frame SED of a 10
11
M
⊙
galaxy at different ages with the MW dust pa-
rameters as in Table 6.2 and Table 6.3. The parameter space of age is < 0.7 Gyr. The
model with age 0.3 − 0.6 Gyr fit the overall-level SED well. The 1011M
⊙
galaxy at 0.5
Gyr is the model adopted for further fitting step. This age responds to the agreement
of SFR and stellar mass with other people’s work (see text for detail). Data are from
Magdis et al. (2010b)
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Fig. 6.10 Rest-frame SEDs of a 10
11
M
⊙
galaxy at 0.5 Gyr with various dust environ-
ments and dust intrinsic properties. Black lines: various dust size distributions and MC
properties. Only with these various properties, the UV-optical part of the SED varies
by a factor of ten. It is clear that the MW properties cannot fit the SED. Red line: MW
dust and MC properties in Table 6.2 and Table 6.3. Blue points: MIPS-LBGs data from
Magdis et al. (2010b).
MW ones
2
imply that the MCs in the average MIPS-LBG are likely more dense dusty
environments. The same trend is found in local and high redshift starburst galaxies
(Silva et al. 1998; Schurer et al. 2009; Swinbank et al. 2011). However, the lack of
emission lines makes it difficult to break the degeneracy of the MC condition and dust
size distribution.
Yan et al. (2010) suggested that the average molecular gas mass of MIPS galaxies
at z = 1.6−2.5 is 1.7×1010M
⊙
by observed CO J=2→ 1 or J=3⇀ 2 emission. Our total
gas mass in 10
11
M
⊙
galaxy at 0.5 Gyr is 1.6× 1010M
⊙
. With fractionary gas content in
the MCs fMC = 0.5, the molecular cloud in our “best-fitting” model is 0.8 × 10
10
M
⊙
.
Once stellar populations are given, the peak of dust emission in far-IR (FIR) is
dominated by the total cold dust mass. The total dust mass Md is ∼ 7 × 10
7
M
⊙
in
“best-fitting” 10
11
M
⊙
model at 0.5 Gyr. It is about a factor of eight less than the esti-
mation (Md = 5.5±1.6×10
8
M
⊙
in Rigopoulou et al. 2010) based on single temperature
grey-body fitting (Hildebrand 1983). This may partly be caused by three facts: 1) the
uncertainty of galaxy mass estimation, therefore the dust mass value in this work. For
2GRASIL has not been previously used to model the MW. The values of MC of the MW is
the same as the spiral models in Schurer et al. (2009), except for Rmc. The dust-to-gas ratio is
given by the chemical evolution models and do not be modified by GRASIL in this work. In this
work, we do not use the spiral models. We adopt a larger value of RMC for the MW responding
to the effect of lower optical depth caused by lower dust-to-gas in the MW than in starburst
galaxies. In any case, the tesc is the dominant parameter.
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Fig. 6.11 “Best-fitting” rest-frame SED of a 10
11
M
⊙
galaxy at 0.5 Gyr with MIPS-LBGs
dust and MC properties shown in Table 6.2 and Table 6.3. This “best-fitting” model
is given by min-χ
2
fitting approach based on the grid models shown in Fig. 6.10. The
values in Table 6.2 and Table 6.32 just give the general properties of the dust and MCs
and should not be considered as the real ones. Note that, one can get an another “best-
fitting” model using another galaxy model (such as a galaxy at 0.4 Gyr). However, the
overall-level SEDs are similar for models within a small age parameter space (see Fig.
6.9). Therefore, the trend of the dust and MC properties is the same for those models
with different age. Data are from Magdis et al. (2010b)
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example, a 2× 1011M
⊙
galaxy
3
at 0.5 Gyr produces a dust mass Md ∼ 2× 10
8
M
⊙
. 2)
The well known degeneracy of dust temperature Td and slope βd in single temperature
grey-body fitting (Blain et al. 2003). A higher βd will result in lower dust temperature
derived form single temperature grey-body fitting (Sajina et al. 2006), therefore higher
dust mass will be estimated. 3) The uncertainty of single temperature grey-body fitting
parameter, such as the rest-frame dust mass absorption coefficient κ (e.g. a factor ∼ 7 at
800 µ m estimated by Hughes et al. 1997). For many issues, including galaxy evolution,
the relative mass ratios are more important than the absolute values of mass (Eales &
Edmunds 1996). We will see it in Sect.6.3.6 in detail.
Prominent PAH features are observed in MIPS-LBGs (Huang et al. 2007). In
starburst galaxies, the mid-IR (MIR) flux is contributed by small hot dust and PAH
(see e.g. Laurent et al. 2000, and references therein). The abundance of PAHs of our
model is calculated from the chemical composition of the dust predicted by the chemical
evolution model, specifically their abundance is proportional to the total abundance of
carbon molecules in the dusty component of the ISM. The PAH size distribution adopted
in GRASIL is :
dn
da
= Xa
−3.5
cm
−1
. (6.1)
PAH is needed in the “best-fitting” model for the average MIPS-LBG to fit the MIR
flux (see Fig.6.11). The “best-fitting” model gives X = 5 × 10−25cm2.5/H (X = 3.3 ×
10
−25
cm
2.5
/H in Silva et al. (1998)). However, we cannot put more constraints on the
PAH without emission lines.
6.3.5 Dust intrinsic properties
For many years, many efforts have been spent on investigating the dust size dis-
tribution through three approaches: i)theoretical approach (e.g. Birnstiel et al. 2011), ii)
fitting extinction curve approach (e.g. Mathis et al. 1977; Weingartner & Draine 2001;
Clayton et al. 2003; Zubko et al. 2004) and iii) by means of the SED approach (e.g.
Carciofi et al. 2004; Takeuchi & Ishii 2004; Piovan et al. 2006a). However, the nature of
dust size distribution is still not clear, especially for in high redshift objects.
The position of the peak in FIR is mainly affected by total dust mass, dust com-
ponent relative abundances and dust size distribution, but not by the stellar populations
(see Fig.6.8 and Slater et al. 2011). With the help of chemical evolution models, which
predict the total dust mass and dust component relative abundance, we can study the
dust size distribution in a more reliable way. The graphite and silicate grains dust size
distribution strongly affect the slope of the rest-frame UV-optical SED. For the sake of
simplicity, a simple power low dust size distribution form is adopted in this Chapter.
The dust size distribution for the i (graphite or silicate) composition is:
dni
da
=


AinHa
β1 , if ab < a < amax, (6.2)
AinHa
β1−β2
b
a
β2 , if amin < a < ab. (6.2
′
)
3deviation of estimated total galaxy mass from the “best-fitting” value within a factor of two
is normal and acceptable in all SED fitting work
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The dust mass mi and dust-to-gas ratio δ are provided by the chemical evolution model:
mi =
∫ amax
amin
4πa
3
ρi
3nH
dni
da
da, (6.3)
δ =
∑
imi
mH
, (6.4)
where nH , mH and ρi are the gas number density, gas mass and grain mass density,
respectively. The normalized parameter Ai is calculated by Eq. 6.2, 6.3, 6.4. Comparing
with the dust size distribution in the MW (see Table 6.3), a larger amount of dust with
larger size is needed to fit the slope of rest-frame UV-optical SED (see Fig. 6.10 and Fig.
6.11). With the theoretical indication of a few µm size (e.g. Tanaka et al. 2005; Birnstiel
et al. 2009) and observational suggestion of up to cm-sizes (e.g. Rodmann et al. 2006;
Ricci et al. 2010), our estimation of maximum dust size amax=2.2 µm is acceptable.
With indications from both the peak and the position of FIR and the slope of
rest-frame UV-optical SED, we suspect that the dust size distribution is top-heavy (flat-
ter) comparing with that in the MW. To avoid the over-fitting problem, “ best-fitting”
parameters of dust size distribution should not be considered as the real ones. We hope
that more information will give more reliable constraints in the future.
6.3.6 Comparison and predictions
6.3.6.1 Comparison with LBG MS 1512-cB58
The gravitational lensed LBG MS 1512-cB58 (cB58) is the well-studied typical
LBG. This object is at z ∼ 2.73 and has a luminous mass of ∼ 1010M
⊙
, a star formation
rate ψ(tsf ) ∼ 40M⊙yr
−1
(Pettini et al. 2002) and an effective radius of rL ∼ 2 kpc (Seitz
et al. 1998), for a Ωm = 0.3,ΩΛ = 0.7, h = 0.70 cosmology. The average MIPS-LBG,
with total mass ∼ 1011M
⊙
estimated by fitting the overall-level SED, is more massive
than cB58 (cB58 is 10
10 − 3× 1010M
⊙
in Pipino et al. 2011). The model suggests SFR
∼ 200M
⊙
/yr for the average MIPS-LBG, which is higher than in cB58 ∼ 40M
⊙
(Pipino
et al. 2011). The molecular gas mass of the average MIPS-LBG is larger than in cB58
∼ 5×108M
⊙
(Riechers et al. 2010). These differences imply that the average MIPS-LBG
and the cB 58 are different kind of galaxies. In fact, MIPS-LBGs are on average more
massive than other LBGs at z ∼ 3 (Magdis et al. 2010a). We speculate that the cB 58
is not so “typical”, since the stellar mass and the age of the LBGs at z ∼ 3 are widely
disperse (e.g. M
∗
∼ 109− 1011M
⊙
and age ∼ a few Myr−Gyr in Magdis et al. 2010a).
The high SFR shown in the LBGs could be triggered by galaxy-merger, which is not the
case of this work. We hope that more data in the future, such as the morphology and
chemical abundances, will reveal the nature of all the LBGs.
6.3.6.2 Comparison with SCUBA local galaxies
In general, the spectral energy distribution of all the SCUBA local galaxies shows
the presence of a cold dust component in addition to a warm dust component. As shown
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Fig. 6.12 f100/f850 flux density ratio as function of galactic age for the model galaxies.
M511 (red square), M11 (blue asterisk) and M310 (black angle) which represent 5 ×
10
11
, 10
11
and 3 × 1010M
⊙
galaxies, respectively. Except for the escape time scale tesc,
those models adopt the same parameters as in Fig.6.8. In each case, those high redshift
starburst galaxies show much higher f100/f850 than The SCUBA local galaxies. This
implies that the warm-to-cold dust mass ratio is larger in those high redshift starburst
galaxies. The SCUBA local galaxies (Dunne et al. 2000) are plotted at arbitrary age.
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in Sect. 6.3.4, the absolute value of total dust mass depends on the assumptions of the
chemical evolution model and the method used to estimate dust mass from flux. The
total dust mass estimation is quite uncertain. However, the warm to cold dust mass
ratio does not suffer as many uncertainties as the total dust mass. We use the 100-
to-850 µm flux ratio, f100/f850, as a proxy to the mass fraction of the warm and the
cold dust in these systems as shown in Fig. 6.12. Comparing to SCUBA local galaxies
(Dunne et al. 2000), our modeling of the young high redshift starburst galaxies have
much higher f100/f850. The more massive galaxies have higher f100/f850. This trend can
be interpreted as an increase of warm to cold dust ratio due to the increase of SFR in
more massive systems. A higher SFR provides more thermal energy to heat the dust.
The time scale tesc, which controls the escape of young stars from their birth clouds,
also affects the value of f100/f850. Comparing Fig. 6.12(a) with Fig. 6.12(b), it is clear
that if the time scale tesc is longer, therefore more thermal energy heats the main dust
component contained in MCs, and the f100/f850 ratio is higher.
6.3.6.3 Predictions
The millimeter-submillimeter (submm) astronomy has conquered a unique place
in modern astronomy and astrophysics due to its capability to detect fundamental con-
stituents of interstellar medium such as molecular gas and dust and will give more ex-
citing results with the new instruments soon, such as ALMA. Instead of using the local
ultraluminous infrared galaxy Arp 220, which is the result of a collision between two
galaxies in the process of merging, we plot the predicted SEDs for young star-burst
galaxies at high redshift. The various MC conditions and dust intrinsic properties do
not affect much the fluxes at the submm wavelength, which is the work band of ALMA.
Shown in Fig. 6.13, our predicted objects that could be observed by ALMA with the
sensitive level of an integration time of 60 seconds. These objects should be the most
massive ones ∼ 1012M
⊙
.
6.4 Conclusions
Our findings can be summarized as follows:
1. LBGs at hight redshift are likely to be young ellipticals. By means of chemical
evolution models, we found that, LBGs in AMAZE and LSD samples, CB 58,
Clone and Cosmic Horseshoe have intermediate masses (10
10−3·1010M
⊙
), they are
experiencing moderate SFR and galactic winds. Our elliptical model for 3 ·1010M
⊙
well reproduces the [O/H] abundance as a function of redshift for the LBG galaxies.
Our model implies a redshift of formation for these galaxies in the z = 2.3−4 range.
2. The predicted [Mg/Fe] and [Si/Fe] ratios have been compared with data for MS
1512-cB58 by Pettini & al. (2002) and the theoretical values are lower than the
observed ones, perhaps indicating that a too low fraction of Fe is predicted to be
in dust.
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Fig. 6.13 Predicted SEDs of 0.5 Gyr galaxies located at redshift z=3,4,5 and 10. These
objects that will be observed by ALMA should be the most massive ones (10
12
M
⊙
).
ALMA sensitive curve is for an integration time of 60 seconds. The MC and dust
properties are the same as in the Milky Way .
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3. The quick star-burst like SFH, chemical enrichment and dust evolution history
provided by chemical evolution models, which have reproduced the chemical infor-
mation of LBG CB58 at z∼ 3, can reproduce the overall-level SED of the average
MIPS-LBG at z∼ 3. MIPS-LBGs are likely young (0.3-0.6 Gyr) elliptical galaxies.
The average MIPS-LBG ∼ 1011M
⊙
is more massive than the typical gravitational-
lensed cB58 ∼ 3 × 1010M
⊙
. The SFR of the average MIPS-LBG is ∼ 200M
⊙
/yr.
The so-called “ downsizing” of SFH is consistent with many observations.
4. The total dust and gas mass of 10
11
M
⊙
galaxy at 0.5 Gyr are ∼ 7 × 107M
⊙
and
1.6 × 1010M
⊙
, respectively. With fMC = 0.5, the typical molecular cloud in our
“best-fitting” model has a mass of 0.8× 1010M
⊙
. The higher fraction of MCs over
total ISM (fMC > 0.5), longer escape time-scales (tesc ∼ 0.2 Gyr) and larger optical
depth (MMC ∼ 10
6
M
⊙
, RMC ∼ 16pc) that we found for MCs reflect that MCs of
MIPS-LBGs are more dense dusty environments than the MCs in the Milky Way.
5. The slope of rest-frame UV-optical SED and position of the peak of FIR flux reflect
that the dust size distributions in MIPS-LBGs may be flatter than in the MW.
The MIR and FIR flux indicate that both small and big size dust are needed to
reproduce the stacked MIPS-LBG SED. Non-negligible PAH also make a important
contribution to MIR flux.
6. The MIPS-LBGs have higher 100-to-850 µm flux ratios than SCUBA local galaxies,
which implies that warm dust is more common than cold dust in MIPS-LBGs. This
may be caused by the higher SFR, therefore more thermal energy, in MIPS-LBGs.
7. More observational information, such as chemical abundances and emission lines,
are needed to make a realistic prediction of the properties of MIPS-LBGs, especially
for dust intrinsic properties.
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Chapter 7
IGIMF on [α/Fe] of high redshift starburst galaxy
7.1 Introduction
Absolute abundance evolution in interstellar medium (ISM) usually depends on
all the chemical evolution model assumptions, whereas the abundance ratio evolution
only depends on initial mass function (IMF), stellar yields, stellar lifetimes, and dust
evolution. Underestimations of [α/Fe] ratios in the high redshift lensed Lyman break
galaxies (LBGs) MS 1512-cB58 (hereafter cB58) are reported in chemical evolution mod-
els (Matteucci & Pipino 2002a; Pipino et al. 2011). For example, Pettini et al. (2002)
reported that [Mg/Fe] and [Fe/H] are 0.85 and -1.15 dex, respectively. Pipino et al.
(2011) predicted [Mg/Fe] ∼ 0.55 dex at [Fe/H]=-1.15 (see the case labeled as Salpeter
in Fig. 7.5). From modeling point of view, there are several approaches of solving the
discrepancy between predicted [α/Fe] ratios and observational ones: 1) differential envi-
ronment, such as differential element infall and outflow, 2) differential productive source,
such as various stellar yields or various IMFs, 3) differential element evolution, such as
differential dust depletion in ISM. We do not believe that the discrepancy could indicate
a problem related to too low Mg and Si yields in the adopted nucleosynthesis, since the
observed [Mg/Fe] ≥ 0.6 dex in the gas of LBG cB 58 for a large fraction of the galaxy
evolution would imply [<Mg/Fe>stars] > 0.3-0.4 dex, which exceeds the observed value
observed in present day low mass ellipticals (see Pipino et al. (2011); Pipino & Matteucci
(2011), for details). The same condensation temperature of Mg, Si and Fe makes it hard
to solve this problem on theoretical grounds by varying the dust efficiencies (see Calura
et al. (2008), for details). The differential element infall and outflow are also lack of
theoretical and observational evidences.
The IMF influences most observable properties of stellar populations and thus
galaxies. The issue of the IMF that best describes the stellar population of both low
and high redshift galaxies still remains open (e.g. Renzini & Buzzoni 1986; van Dokkum
& van der Marel 2007; Dave´ 2008; Bastian et al. 2010; Dutton et al. 2011; Cappellari
et al. 2012). Top-heavy IMF is suggested in high redshift galaxy studies (e.g. Baugh
et al. 2005; Nagashima et al. 2005; Lacey et al. 2008; Magdis et al. 2010a). Fe is mainly
produced from type Ia supernovae on a timescale of∼ 0.3−3Gyr depended on the galaxy
type (see Matteucci & Recchi 2001), while the α elements come from massive stars on
timescales of a few tens of million years (Matteucci 1994). The fact that a top-heavy IMF
can produce higher [α/Fe] makes a possible solution for the underestimations of [α/Fe]
in high redshift starburst galaxy LBGs in chemical evolution models. Early studies on
the effects by various time-independent IMFs on abundance ratios in solar neighborhood
can be found in Romano et al. (2005). Chiosi et al. (1998) adopted a time-dependent
top heavy IMF (Padoan et al. 1997) to enhance [α/Fe] in elliptical galaxies. Top-heavy
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integrated galactic initial mass functions (IGIMFs) in starbursts are reported in Weidner
et al. (2011) based on IGIMF theory (Weidner & Kroupa 2005). The effects caused by
IGIMF on abundance ratios in solar neighborhood and early-type galaxies have been
discussed by Calura et al. (2010) and Recchi et al. (2009), respectively. Embedded-
cluster mass function (ECMF, see Sect. 7.3.1 for details) is a key issues of IGIMF theory.
However the value of the slope of the ECMF of local galaxies β is not well constrained
since we do not directly measure the IMF and SFR. The value β is around 2 with a
error ∼0.5 (e.g. see Larsen 2009; Dowell et al. 2008; Rosolowsky 2005). At present, to
our knowledge, we do not know if the slope is flatter or steeper in high redshift galaxies
than in local galaxies. By comparing the [α/Fe] data, which are directly observational
quantities, with predictions of chemical evolution models, which are very sensitive to
IMF, we could investigate this slope in more details.
In this Chapter
1
, to solve the underestimation of predicted [α/Fe] ratio in LBG
cB58 at redshift z ∼ 3 (Pipino et al. 2011), we will study the effects of the IGIMF on the
[α/Fe] ratio of LBGs , which can be young elliptical galaxies as suggested by chemical
evolution models (e.g. Matteucci & Pipino 2002a; Pipino et al. 2011) and by spectral
energy distribution models (e.g. Fan et al. 2011). The slope of ECMF in high redshift
starburst galaxies are studied by comparing the [α/Fe] ratio in LBGs. The dust effects
on [α/Fe] ratio is also studied by “ad hoc” methods.
The Chapter is organized as follows: in Sect. 7.2, we summarize the observational
data; in Sect. 7.3, we describe the IGIMF theory and chemical evolution model; our
results and discussions are presented in Sect. 7.4.
7.2 Data
At present, only two gravitationally lensed high redshift LBGs are available with
[α/Fe] data. One of the first of such objects for which abundance measurements were
available is cB58, studied by Pettini et al. (2002). We also compare the LBG “8 o’clock
arc” (Dessauges-Zavadsky et al. 2010b) with our models. Those two objects have the
similar properties of [α/Fe] ratios.
7.3 Models
For convenience, the IGIMF theory and the chemical evolution model will be
summarized here. We direct the reader to Weidner et al. (2011) and Pipino et al. (2011)
for more details.
7.3.1 The IGIMF theory
A complete young star-cluster population in one star formation epoch (like one
star burst lasting 10 Myr) is populated fully with masses ranging up to Mecl,max. The
1This Chapter is based on Fan el al. 2011
100
embedded-cluster mass function (ECMF) is a power-law,
ξecl(Mecl) = kecl ·
(
Mecl
Mecl,max
)
−β
. (7.1)
The minimum embedded cluster mass Mecl,min is even worse constrained than the slope
β. Given the fact that for slope β less than 2.0 (the case in this Chapter) the ECMF is
dominated by massive clusters and reducing the number of low-mass cluster by increasing
Mecl,min does not affect the IGIMF significantly (see Fig. 3 in Weidner et al. 2011), we
chose Mecl,min=6.0×10
3
M
⊙
. The maximum embedded cluster mass depends on SFR,
Mecl,max = 8.510
4 × SFR0.75 M
⊙
. (7.2)
Given β, the normalization constant kecl is determined by stating that Mecl,max is the
single most massive cluster,
1 =
∫Mecl,max∗
Mecl,max
ξecl(Mecl) dMecl
= kecl ·M
β
ecl,max
· ∫Mecl,max∗
Mecl,max
M
−β
ecl
dMecl. (7.3)
For the total mass of a population of young stellar clusters,
Mtotsc =
∫Mecl,max
Mecl,min
Mecl · ξecl(Mecl) dMecl
= kecl ·M
β
ecl,max
·
∫Mecl,max
Mecl,min
M
1−β
ecl
dMecl, (7.4)
where Mecl,max is the mass of the heaviest cluster in the population.
A direct consequence from clustered star-formation is that the composite stellar
population in a galaxy, which results from many star-forming events, is the sum of the
dissolving star clusters. Thus the integrated galactic initial mass function (IGIMF) is
the sum of all the IMFs of all the star clusters (Weidner & Kroupa 2005),
ξIGIMF(m, t) =
∫ Mecl,max(SFR(t))
Mecl,min
ξ(m ≤ mmax(Mecl))
· ξecl(Mecl) dMecl, (7.5)
where ξ(m) is the multi-component power-law IMF defined in number used throughout
the Chapter:
ξ(m) = k


k
′
(
m
mH
)−α0
,mlow ≤ m < mH,(
m
mH
)−α1
,mH ≤ m < m0,(
m0
mH
)−α1 ( m
m0
)−α2
,m0 ≤ m < m1,(
m0
mH
)
−α1
(
m1
m0
)
−α2
(
m
m1
)
−α3
,m1 ≤ m < mmax,
(7.6)
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with exponents
α0 = +0.30 , 0.01 ≤ m/M⊙ < 0.08,
α1 = +1.30 , 0.08 ≤ m/M⊙ < 0.50,
α2 = +2.35 , 0.50 ≤ m/M⊙ < 1.00,
α3 = +2.35 , 1.00 ≤ m/M⊙ ≤ mmax.
(7.7)
where dN = ξ(m) dm is the number of stars in the mass interval m to m + dm. The
exponents αi represent the standard or canonical IMF (Kroupa 2001, 2002). Though, α3
is kept constant at 2.35 only for star clusters with Mecl less than 2×10
5
M
⊙
. For more
massive clusters α3 is changed with cluster mass according to:
α3(Mecl) = −1.67× log10
(
Mecl
106M
⊙
)
+ 1.05. (7.8)
There is evidence of a maximal mass for stars (mmax ∼ 150M⊙ Weidner & Kroupa 2004),
a result later confirmed by several independent studies (Oey & Clarke 2005; Figer 2005;
Koen 2006). The upper mass limit mmax is 150 M⊙ in this work. However, according to
Crowther et al. (2010) mmax may also be as high as 300 M⊙. We will test this possibility
in the future, when the stellar yield of massive star is available.
Several applications of the IGIMF have successfully reproduced star forming prop-
erties of galaxies (see a review in Pflamm-Altenburg et al. 2010). Galaxies with higher
SFRs contain larger clusters and, consequently, a larger fraction of massive stars. The
IMF is therefore flatter than in galaxies with lower SFRs. Top-heavy IGIMFs in star-
bursts are reported in Weidner et al. (2011). We will adopt those top-heavy IGIMFs to
investigate the IMF effects.
7.3.2 The chemical model
The chemical evolution models and dust models are the same as described in
Chapter 2. A universal Salpeter IMF (ξ(m) ∝ m−(1+x), x=1.35 , Salpeter 1955) is
adopted in Pipino et al. (2011). In this Chapter we adopted the time-dependent IGIMF
calculated by Eq.(7.5) to test the IGIMF effect on [α/Fe] in LBG. To compare, we also
adopted time-independent IMFs: Chabrier (2003) IMF and a extremely top-heavy IMF
(ξ(m) ∝ m−(1+x), x=0.95, Arimoto & Yoshii 1987). Some IMFs adopted in this Chapter
are shown in Fig. 7.1. We also plot the IGIMFs as a function of galactic age in Fig. 7.2.
7.4 Result and discussion
7.4.1 IGIMFs
Fig. 7.1 shows the examples of IMFs adopted in this Chapter. For a fixed β, the
higher SFR is, the flatter IGIMF is . This is because The maximum embedded cluster
mass depends on SFR. Namely, the higher SFR is, the bigger Mecl,max is (see Eq. 7.2).
Given a SFR, the smaller β result in a flatter IGIMF. This is because a smaller β lead to
a flatter ECMF is a power-law (see Eq. 7.1). The IGIMFs as a function of the galactic
age are shown in Fig. 7.2. As shown in Fig. 7.2, the differences among IGIMFs at
different ages are larger in β = 0.5 case than β = 2 case. This is because two facts.
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Fig. 7.1 IMFs adopted in this Chapter.
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Fig. 7.2 IGIMF as function of galactic age.
104
First, the range of SFRs in β = 0.5 case is larger than β = 2 case. The highest SFR in
β = 0.5 case is ∼ 55M
⊙
/yr, while the it is ∼ 50M
⊙
/yr in β = 0.5 case. Secondly, the
contribution of massive Embedded-cluster to the IGIMF is smaller in β = 2 case than
β = 0.5 case. Namely, the IGIMF is not sensitive to SFR for a small β. This is also
reflected in Fig. 7.1: for a fixed SFR range, the differences among IGIMFs are larger in
β = 0.5 case than β = 2 case.
7.4.2 IMF vs SFR
Shown in Fig. 7.3, a flatter IMF results in a higher SFR. IGIMF is a function of
SFR. SFR is proportional to gas density, which is effected by the IGIMF. More massive
star in a flatter IMF restore more gas, therefor higher SFR. This is a IMF feedback on
SFR. This trend is also found in Gunawardhana et al. (2011)
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Fig. 7.3 Star formation rate in different models with IGIMFs (β = 0.5, β = 1 and
β = 2 cases), Salpeter IMF (Salpeter 1955) , Chabrier IMF (Chabrier 2003) and AY
IMF (Arimoto & Yoshii 1987)
7.4.3 IGIMF from [α/Fe]
The [Si/Fe] vs [Fe/H] with various IMFs are shown in Fig. 7.4. Around 0.2 , 0.15
and 0.1 dex discrepancies between the predictions and the data low limit are shown in
Salpeter IMF, IGIMF with β = 2 case and IGIMF with β = 1 case, respectively. The
β = 1 case, β = 0.5 case and top-heavy IMF x=0.95 have similar effects on the [α/Fe]
ratios in our 3 × 1010 M
⊙
elliptical model. β = 2 case and Chabrier IMF have similar
effects on the [α/Fe]. Bigger β value means more small embedded clusters in galaxies,
therefore IGIMF is much steeper than the stellar IMF within each single star cluster.
This tendency is weaker when β value is asymptotic to 0. This is the reason that the
β = 1 case and β = 0.5 case shows the similar effects. The low limit stellar mass is
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0.01 M
⊙
in IGIMF and 0.1M
⊙
in Salpeter IMF. This difference should have negligible
effects on our results, since the stars with mass lower than 1 M
⊙
(lifetimes > 10Gr) do
not contribute to any chemical element in the host galaxy, and the difference of stellar
distribution in higher mass range caused by different low limit stellar mass is negligible
comparing to different power law slope (e.g. see Fig. 2 in Romano et al. 2005).
7.4.4 Dust effects
As shown in Fig. 7.4, the IGIMF of starburst galaxies can improve the [α/Fe]
ratios, but it still cannot solve the discrepancy between predictions and data. This
implies that other solutions are also needed to let the predications reach the observational
error bar. The most plausible approach is differential dust depletion, such as more Fe
locked in dust or fewer α element locked in ISM or both. However, we cannot estimate
the dust effects only based on the [α/Fe] ratios. Many parameters could control the
dust effects: dust condensation efficiencies and dust growth and destruction timescales
(see detail in Chapter 2). As shown in Sect. 6.2.3.2, the data can be reproduced only
by increasing the Fe dust condensation efficiency of SNe II. For the sake of simplify, we
will show the effects of dust growth and destruction in ISM and the total dust effect
on [α/Fe] ratios. To show this, the fiducial Fe dust evolution in ISM adopted in Pipino
et al. (2011) (fiducial dust) is compared to other cases in Fig. 7.6. Model parameters are
shown in Table 7.1. All the models in Fig. 7.6 adopt Salpeter IMF. Case A1 shows the
case in which we consider the destruction mass and growth mass of Fe dust are 5 and
3 times more than in the fiducial model, respectively. It is clear that dust growth has
more effect than dust destruction for the total dust mass, which is also clearly shown in
Fig. 14 of Pipino et al. (2011). To estimate how many Fe dust is needed to fit the data,
we consider the Case B1, which has 1.07 times of total Fe dust in Case A1. From Case
B1, we conjecture that, to solve the discrepancy of [α/Fe] ratios between predictions
and data, more Fe should be depleted in dust but no more than 10% compared to the
fiducial case. Case C1 (blue line) first adopts that destruction mass and growth mass of
Fe dust are 5 times more than in the fiducial model and then total Fe dust is enhanced
by a factor of 1.07. Case C1 shows the capability of varying dust effects in [α/Fe] ratios
by means of “ad hoc” assumptions. Similar results are shown for [Mg/Fe] vs [Fe/H] in
Fig. 7.5 and 7.7.
To show the Si and Mg dust effects, we assume there are no Si and Mg locked
in dust in Case A2, Case B2, Case C2. The Fe descriptions in Case A2, Case B2, Case
C2 are the same in Case A1, Case B1, Case C1, respectively. The results are shown
in Fig. 7.9 and Fig. 7.8. The difference between Case C1 and Case C2 is bigger than
the difference between Case A1 and Case A2. This is because Case C1 have more Fe in
dust than Case A1. More Fe in dust means more time is needed to reach [Fe/H]=-1.15,
therefore more Si and Mg can be produced. The more Si and Mg are available, the
stronger Si and Mg dust effects cloud be.
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7.5 Conclusions
In this Chapter, we investigated the IGIMFs by a chemical evolution model.
We also tested various IMFs and dust effects on [α/Fe] ratios. Our findings can be
summarized as follows:
1. There is a IMF feedback on SFR, namely the flatter IMF results in the higher SFR.
2. To reduce the [α/Fe] ratios discrepancies between data and predictions, we suggest
the following: 1) a top-heavy IMF is favored, and 2) the slope of the ECMF is flatter
in high redshift galaxies than in local galaxies, 3) varying dust effects should also
be needed to solve the discrepancy.
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Fig. 7.4 [Si/Fe] as a function of [Fe/H] in different models with IGIMFs (β = 0.5, β = 1
and β = 2 cases), Salpeter IMF (Salpeter 1955), Chabrier IMF (Chabrier 2003) and
AY IMF (Arimoto & Yoshii 1987). Data are from Pettini et al. (2002) and Dessauges-
Zavadsky et al. (2010b) for cB 58 and 8 oclock arc, respectively
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Fig. 7.5 [Mg/Fe] as a function of [Fe/H] in different models with IGIMFs (β = 0.5, β = 1
and β = 2 cases), Salpeter IMF (Salpeter 1955), Chabrier IMF (Chabrier 2003) and AY
IMF (Arimoto & Yoshii 1987). Data of cB 58 is from Pettini et al. (2002)
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Fig. 7.6 [Si/Fe] as a function of [Fe/H] with Salpeter IMF. The fiducial dust is the same as
in Pipino et al. (2011). Case A1: 5 times of destruction mass and 3 times of growth mass
of fiducial dust. Case B1: adopt Case A1 Fe dust evolution and 1.07 times Fe located in
dust than Case A1. Case C1: Case B1 descriptions but with 5 times of growth mass of
fiducial dust. Data are from Pettini et al. (2002) and Dessauges-Zavadsky et al. (2010b)
for cB 58 and 8 oclock arc, respectively
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Fig. 7.7 [Mg/Fe] as a function of [Fe/H] with Salpeter IMF. The fiducial dust is the same
as in Pipino et al. (2011). Case A1: 5 times of destruction mass and 3 times of growth
mass of fiducial dust. Case B1: adopt Case A1 Fe dust evolution and 1.07 times Fe
located in dust than Case A1. Case C1: Case B1 descriptions but with growth mass five
times of fiducial dust. Data of cB 58 is from Pettini et al. (2002)
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Fig. 7.8 [Si/Fe] as a function of [Fe/H] with Salpeter IMF. The fiducial dust is the same as
in Pipino et al. (2011). Case A2: 5 times of destruction mass and 3 times of growth mass
of fiducial dust. Case B2: adopt Case A2 Fe dust evolution and 1.07 times Fe located
in dust than Case A2. Case C2: Case B2 descriptions but with 5 times of growth mass
of fiducial dust. There are no Si and Mg dust in Case A2, Case B2 and Case C2 (See
details in Table 1). Data are from Pettini et al. (2002) and Dessauges-Zavadsky et al.
(2010b) for cB 58 and 8 oclock arc, respectively
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Fig. 7.9 [Mg/Fe] as a function of [Fe/H] with Salpeter IMF. The fiducial dust is the same
as in Pipino et al. (2011). Case A2: 5 times of destruction mass and 3 times of growth
mass of fiducial dust. Case B2: adopt Case A2 Fe dust evolution and 1.07 times Fe
located in dust than Case A2. Case C2: Case B descriptions but with growth mass five
times of fiducial dust. There are no Si and Mg dust in Case A2, Case B2 and Case C2
(See details in Table 1). Data of cB 58 is from Pettini et al. (2002)
Table 7.1 Model parameters
model
name IMF Fe dust growth Fe dust destruction Si and Mg dust total Fe dust
Fiducial dust Salpeter 1 1 1 no enhance
Case A1 Salpeter 3 5 1 no enhance
Case A2 Salpeter 3 5 0 no enhance
Case B1 Salpeter 3 5 1 1.07 enhance
Case B2 Salpeter 3 5 0 1.07 enhance
Case C1 Salpeter 5 5 1 1.07 enhance
Case C2 Salpeter 5 5 0 1.07 enhance
The unites of Fe dust growth, Fe dust destruction, Si and Mg dust are
the mass of Fiducial dust case. No enhance of total Fe dust in Fiducial
dust, Case A1 and Case A2 means that no modification in Fe dust,
except the Fe dust growth and Fe destruction. 1.07 enhance of total Fe
dust in Case B1, Case B2, Case C1 and Case C2 means that the total
Fe dust is enhanced by a factor of 1.07, besides the Fe dust growth and
Fe destruction.
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Chapter 8
Summary
8.1 Summary of the main results
In this thesis, we have studied the ISM, QSO, LGRB hosts and LBGs by galactic
chemical evolution and spectro-photometric models. We also tested the so-called mono-
lithic scenario of elliptical galaxies formation. Here we present the main results of this
work:
1. The star formation history is the main driver of galaxy evolution. The predictions
of elliptical chemical evolution models with the so-called monolithic scenario of
elliptical galaxies formation are consistent with the data of high redshift LBGs and
QSOs. Both the infall and the star formation timescale are suggested to decrease
with galactic mass. This scenario is confirmed by the spectro-photometric models
by reproducing the average SED of MIPS-LBGs. This so-called “ downsizing” of
SFH is consistent with many observations.
2. Our M = 10
12
M
⊙
elliptical model can reproduce super-massive BH mass, stellar
mass, gas mass and dust mass of one of the most distant QSO ever observed
J1148+5251 (z ≃ 6.4). The same model can also reproduce [N/C] versus [C/H]
and [Si/C] versus [C/H] of the NLRs in QSO hosts. The very high C abundance
observed in these QSOs can be explained only by assuming yields with mass loss
from massive stars with a strong dependence on metallicity, as those of Maeder
(1992)
3. Our elliptical models suggested the LBGs at hight redshift are likely to be young
(age < 0.6 Gyr) ellipticals. This picture is consist with the results of spectro-
photometric models. By chemical evolution models, we found that, LBGs in A-
MAZE and LSD samples, CB 58, Clone and Cosmic Horseshoe are of intermediate
mass(10
10 − 3 · 1010M
⊙
). Our elliptical model for 3 · 1010M
⊙
well reproduces the
[O/H] abundance as a function of redshift for these LBGs. By spectro-photometric
models, we found that the MIPS-LBGs are more massive (∼ 1011M
⊙
). Our spectro-
photometric models for 10
11
M
⊙
well reproduce the average SED of MIPS-LBGs.
4. Our elliptical models suggested that if the observed high-redshift LGRB-DLAs and
local LGRB host galaxies belonged to an evolutionary sequence, they should be
irregulars with a common galaxy-formation redshift as high as zf = 10, observed
at different phases of their evolution. We cannot exclude, however, that they
correspond to the outermost regions of spiral disks, since their properties are similar
to those of irregulars. Elliptical galaxies cannot be LGRB host galaxies at low
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redshift and that they are very unlikely hosts of LGRB-DLAs even at high redshift,
because of their rapid chemical enrichment at high redshift following the occurrence
of a galactic wind several Gyrs ago and subsequent passive evolution.
5. Our elliptical models suggested that a dust mass-stellar mass relation exists, with
more massive galaxies attaining a higher dust content at earlier time. The dust
evolution in ISM make the main contribution for the large amount of dust in high
redshift QSOs. QSO itself produced dust but this production appears negligible
compared to that from stellar sources, unless one focuses on the very central regions
at times very close to the galactic wind onset.
6. The dust mass estimation in the average MIPS-LBGs based on the combination
of our elliptical models and spectro-photometric models is not consistent with
the one based on simple temperature grey-body fitting. The Milky Way dust
parameters can not reproduce the average SED of MIPS-LBGs with the SFHs
from chemical evolution models. The more dense dusty environments and flatter
dust size distributions are needed to reproduce the average SED of MIPS-LBGs
with these SFHs.
7. IGIMF of starburst galaxies can improve the [α/Fe] ratios, however it still can-
not solve the discrepancy between predictions and data. Dust effect is the most
plausible solution.
8.2 Plans for future work
We briefly outline some research topics which could be exploded as a consequence
of the work presented here.
1. The IGIMF effects on models should be discussed in more detail.
2. Models should be tested with more data.
3. The SED of Active Galactic Nuclei cloud be studied by spectro-photometric mod-
els.
4. The starburst galaxies at redshift z∼ 1 − 3 should be understood by chemical
evolution models.
5. Modeling the multi-phase ISM is necessary in chemical evolution models to inves-
tigate the dust effect in more detail.
6. It is very useful to make an interface among dynamic, chemical and spectra-
photometric models. In this way, more properties of galaxies cloud be self-consistently
studied.
7. Enlarging the applications of the models to other research fields, such as investi-
gating the role of high redshift galaxies in reionization with chemical and spectra-
photometric models, is very interesting.
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